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(57) Abstract: A system and method of 
separating metal powder from a slurry of 
liquid metal and metal powder and salt is 
disclosed in which the slurry is introduced into 
a first vessel operated in an inert environment 
when liquid metal is separated from the 
metal powder and salt leaving principally 
salt and metal powder substantially free of 
liquid metal. The salt and metal powder is 
transferred to a second vessel operated in an 
inert environment with both environments 
being protected from contamination. Then the 
salt and metal powder are treated to produce 
passivated powder substantially free of salt 
and liquid metal. The method is particularly 
applicable for use in the production of Ti and 
its alloys. 
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SEPARATION SYSTEM O FMETAL POWDER FROM 
SLURRY AND PROCESS. 

Background of the Invention 

This invention relates to a separation system and process as illustrated in Fig. 
1 useful for the product produced by Armstrong method as disclosed and claimed in 
U.S. Patents 5,779,761 ; 5,958,106 and 6,409,797, the disclosures of each and every 
one of the above-captioned patents are incorporated by reference. 

Summary of the Invention 

A principal object of the Invention is to provide a separation system for the 
Armstrong process disclosed in the '761 , '106 and '797 patents; 

Another object of the Invention is to provide a continuous separation system. 

The invention consists of certain novel features and a combination of parts 
hereinafter fully described, illustrated in the accompanying drawings, it being 
understood that various changes in the details may be made without departing from the 
spirit, or sacrificing any of the advantages of the present invention. 

Brief Description of the Drawings 

Figure 1 is a schematic illustration of the separation system of the present 
invention, 

Detaiied Descrip tion of the invention 

The system 1 0 of the present invention deals with the separation of a metal, alloy 
or ceramic product, such as titanium, for example only, from the reaction products in the 
Armstrong process. Although the Anmstrong process is applicable to a wide variety of 
exothennic reactions, it Is principally applicable to metals, mixtures, alloys and ceramics 
disclosed in the above-mentioned patents. The product of Amistrong process is a 
slurry of excess reductant metal, product metal and alloy or ceramic and salt produced 
from the reaction. This slurry has to be separated so that various parts of it can be 
recycled and the produced metal, alloy or ceramic separated and passivated if 
necessary. 

Tuming now to the schematic illustration of the system and process of the 
present invention illustrated in Fig. 1, there is disclosed in the system 10 a source of, 
for illustration purposes only, titanium tetrachloride 1 2 which is introduced into a reactor 
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15 of the type hereinbefore disclosed in the Amnstrong process. A supply tank or 
reservoir 17 with a supply of sodium (or other reductant) 18 is transferred by a pump 
19 to the reactor 15 wherein a slunry product 20 of excess reductant and metal, alloy 
or ceramic, and salt is produced at an elevated temperature, all as previously described 
in the incorporated patents. 

The slurry product 20 is transfenied to a vessel 25 which is in the illustration 
dome-shaped, but not necessarily of that configuration, the vessel 25 having an interior 
26 Into which the sluny product 20 is introduced. A filter 27, preferably but not 
necessarily cylindrical, is positioned within the interior 26 and defines an annulus 28, 
the slurry product 20 being received inside the cylindrical filter 27. An annular heat 
exchanger 29 is positioned around the vessel 25, all for a purpose hereinafter 
disclosed. 

The vessel 25 further includes a moveable bottom closure 30. Heat exchange 
plates 32 are connected as will hereinafter be described to an isolated heating system 
50. A collection vessel 35 is positioned below the vessel 25 and is sealed therefrom 
by the moveable bottom closure 30. The collection vessel 35 has an inwardly sloping 
bottom suri'ace 36 which leads to a crusher 38 and a valve 39 in the outlet 40 of the 
collection vessel 35. 

Finally, a vapor conduit 42 interconnects the top of the vessel 25 and particulariy 
the interior 26 thereof with a condenser vessel 45, the condenser vessel having a heat 
exchange plate 46 connected, as hereinafter described, to an isolated cooling system 
60. The condenser 45 is connected to a condenser reservoir 49, the condensate 
collected therein being routed to the sodium supply tank or reservoir 17. 

The isolated heating system 50 includes a head tank 52 for the heating fluid 
which is moved by pump 53 to the heater 55 as will be hereinafter described, connected 
to both the heat exchanger 29 surrounding the vessel 25 and the heat exchange plates 
32 interior of the vessel 25. The isolating cooling system 60 also is provided with a 
head tank 62, a pump 63 and a cooler 65 which serves to cool the cooling fluid 
circulated in an isolated loop to the cooling plates 46 as will be hereinafter set forth. 

Below the valve 39 and the collection vessel 35 is a product conveyor 70 having 
a baffle or cake spreader 71 extending downwardly toward the conveyor 70. The 
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conveyor 70 onto which the produced metal, alloy or ceramic and salt are Introduced 
from the collection vessel 35, after removal of the excess reductant metal, is contacted 
with a counter cun^ent flow of gas, preferably but not necessarily oxygen and argon, 77 
from a blower 75 in communication with a supply 76 of oxygen and the supply of inert 
gas such as argon. The heat exchanger 79 is in communication with the blower 75 so 
as to cool the oxygen/argon mixture 77 as it flows in counter current relationship with 
the produced metal, alloy or ceramic on the conveyor 70, thereby to contact the product 
particulates with oxygen to Inert the produced metal, alloy or ceramic when required but 
not so much as to contaminate the produced material. 

As indicated in the flow sheet of Fig. 1, there are a plurality of flow meters 81 
distributed throughout the system, as required and as well known in the engineering ari:. 
There are pressure transducers 86 and pressure control valves 89 where required, all 
within the engineering skill of the art. A back filter valve 91 is provided in order to flush 
the filter 27 if necessary. Additionally, a variety of standard shut-off valves 93 are 
positioned within the loop, hereinafter to be explained and as required. A vacuum 
pump 95 is used to draw a vacuum in the vessel 25, as will be explained, and the 
symbol indicated by reference numeral 100 indicates that a plurality of the same or 
similar systems may be operating at any one time, it being remembered that the 
enclosed figure is for a single reactor 15 and one separation vessel 25, wherein as in 
a commercial production plant, a plurality of reactors 15 may be operating 
simultaneously each reactor 15 may have more than one separation vessel 25, all 
depending on engineering economics and ordinary scale up issues. 

Product 20 from the reactor 1 5 exits through line 1 1 0 and enters vessel 25 at the 
top thereof. Although line 11 0 is shown entering above the filter 27, preferably the line 
1 1 0 and filter 27 are positioned so that slurry 20 is introduced below the top of filter 27 
or in the center of the filter or both. As described in the previously incorporated patents, 
the slurry product 20 consists of excess reductant metal, salt formed by the reaction 
and the product of the reacfion which in this specific example is titanium existing as 
solid particles. The product 20 in slurry form from the reactor 15 is at an elevated 
temperature depending on the amount of excess reductant metal present, the heat 
capacity thereof and other factors in the reactor 1 5 during operation of the Armstrong 
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process. In the vessel 25 is a filter 27 which occupies a portion of the interior 26 of the 
vessel 25, the interior optionally being heated with the annular heat exchanger 29. The 
sluny product 20 is directed to the interior of the filter 27 where the slurry contacts the 
heat exchange plates 32. 

In the heating system 50, the heat exchange fluid in the plates 32 pass with the 
heat exchange fluid from the annular heat exchanger 29 through line 1 1 1 to the line 1 1 2 
which connects the heat exchange medium supply in the head tank 52 to the heat 
exchanger 55. Fluid moves from the heater 55 through the heat exchange plates 32 
by means of the pump 53 as the heated heat exchange fluid flows out of the heat 
exchanger 55 through line 113 and back into the heat exchange plates 32 and/or the 
annular heat exchanger 29. Because the heating system 50 is a closed loop, the heat 
exchange fluid may or may not be the same as the reductant metal used in the reactor 
15. NaK is shown as an example because of the low melting point thereof, but any 
other suitable heat exchange fluid may be used. Suitable valves 93 control the flow of 
heat exchange fluid from the heater 55 to either or both of the heat exchanger 29 and 
plates 32. Preferably, the plates 32 are relatively close together, on the order of a few 
inches, to provide more heat to the cake which fomns as excess reductant metal 
vaporizes. l\/loreover, closer plates 32 reduce the path length the heat has to travel and 
the path length the excess reductant metal vapor travels through the forming cake, 
thereby to reduce the time required to distill and remove excess reductant metal from 
the vessel 25. Exact spacing of the plates 32 depends on a number of factors, 
including but not limited to, the total surface area of the plates, the heat transfer 
coefficient of the plates, the amount of reductant metal to be vaporized and the 
temperature differential between the inside and the outside of the plates. 

When the slurry product 20 comes out of the reactor 15, it is at a pressure at 
which the reactor 15 is operated, usually up to about two atmospheres. The product 
slurry 20 enters the inside of filter 27 under elevated pressure and gravity results in the 
liquid reductant metal being expressed through the filter 27 into the annular space 28 
and fed by the line 120 into the reservoir 17. The driving force for this portion of the 
separation is gravity and the pressure difl'erential between the reactor 15 and the inlet 
pressure of pump 19. If required the annulus 28 may be operated under vacuum to 
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assist removal of liquid reductant metal, or the pressure in vessel 25 may be increased 
during tfie deliquoring of tfie reductant metal. After sufficient liquid metal has drained 
through the filter 27 by the aforementioned process, the PCV valve 89 is closed and 
other valves 93 are closed to isolate vessel 25 and then the valve 93 to the vacuum 
pump 95 is opened, whereupon a vacuum is established in the interior 26 of vessel 25. 
Heating fluid (liquid or vapor, for instance Na vapor) is directed into the heat exchanger 
plates 32 to boil the remaining reductant metal 18 producing a filter cake. The 
temperature in vessel 25 is elevated sufficiently to vaporize remaining liquid metal 
reductant 18 therein which Is drawn off through conduit 42 to the condenser 45. The 
conduit 42 is required to be relatively large in diameter to permit rapid evacuation of the 
interior 26 of the vessel 25. Because the pressure drop between the vessel 25 and the 
condenser 45, during vaporization of the reductant metal 18 is low, the specific volume 
is high and the mass transfer low, requiring a large diameter conduit 42, Boiling the 
reductant metal on the shell side is accomplished by heat exchange with a heated fluid 
on the tube side. 

The annular heat exchanger 29 is optionally operated to maintain the expressed 
liquid in the annulus 28 at a sufficient temperature to flow easily and/or to provide 
additional heat to the vessel 25 to assist in vaporization of excess reductant metal from 
the interior 26 thereof. After liquid metal reductant vapor has been removed from the 
interior 26 of the vessel 25, a filter cake remains from the sluny 20. The appropriate 
valves 93 are closed and the vacuum pump 95 is isolated from the system. 

I n the condenser 45, heat exchange plates 46 are positioned in order to cool the 
reductant metal vapor introduced thereinto. The cooling system 60 is operated in a 
closed loop and maintained at a temperature sufficiently low that reductant metal vapor 
introduced into the condenser 45 condenses and fiows out of the condenser, as will be 
disclosed. The cooling system 60 includes a cooler 65 as previously described and the 
pump 62. The coolant exits from the cooler 65 through line 1 14 which enters the heat 
exchange plates 46 and leaves through a line 115 which joins the line 116 to 
interconnect the head tank 62 and the cooler 65. As seen in the schematic of Fig. 1, 
the heat exchange fluid used in the heating system 50 and the cooling system 60 may 



wo 2004/048622 



PCT/US2003/027649 



6 

be the same or may be different, as the systems 50 and 60 can be maintained 
separately or intermixed. 

Both the vessei 25 and the condenser 45 are operated at least part of the time 
under a protective atmosphere of argon or other suitable inert gas from the argon 
supply 85, the pressure of which is monitored by the transducer 86, the (argon) supply 
inert gas 85 being connected to the condenser 45 by a line 1 1 7, the condenser 45 also 
being In communication with the vessel 25 by means of the oversized conduit 42. 
Further, as may be seen, each of the heating system 50 and the cooling system 60 is 
provided with its own pump, respectively 53 and 63. As suggested in the schematic of 
Fig. 1 , the heating and cooling fluid may, preferably be NaK due to its lower melting 
point, but not necessarily, and as an alternative could be the same as the reductant 
metal in either liquid or vapor phase, as disclosed. 

After sufficient reductant metal 18 has been removed from the slurry 20, via the 
filter 27 and the conduit 42, remaining therein is a combination of the titanium product 
in powder form and salt made during the exothemiic reaction in reactor 15. Because 
the resultant dried cake has a smaller volume than the slurry product 20 introduced, 
when the movable bottom closure 30 is opened, the dry cake falls from the filter 27 into 
the collection vessel 35 whereupon the combination of salt and titanium fall into the 
crusher 38 due to the sloped bottom walls 36. In the event the cake does not readily 
fall of its own accord, various standard vibration inducing mechanism or a cake 
breaking mechanism may be used to assist transfer of the cake to the collection vessel 
35. The collection vessei 35 as indicated is maintained under an inert atmosphere at 
about atmospheric pressure, and after the cake passes through the crusher 38 into the 
exit or outlet 40, the cake passes downwardly through valve 39 onto the conveyor 70. 
There is a cake spreader or baffle 71 downstream of the valve 39 which spreads the 
cake so that as it is contacted by a mixture 77 of inert gas, preferably argon, and 
oxygen flowing counter-cun-ent to the direction of the product, the titanium powder is 
passivated and cooled. Although the conveyor 70 is positioned in Fig. 1 horizontally, 
it may be advantageous to have the conveyor move upwardly at a slant as a safety 
measure in the event that closure 30 fails, then excess reductant metal would not flow 
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toward a water wash. In addition, there may be cost advantages in having the product 
wash equipment on the same level as the separation equipment. 

Cooling and passivating is accomplished in the cooler 79 with blower 75 which 
blows a cooled argon and oxygen mixture through a conduit 1 21 to the product, it being 
seen from the schematic that the counter-current flow of argon and oxygen with the 
product has the highest concentration of oxygen encountering already passivated and 
cooled titanium so as to minimize the amount of oxygen used in the passivation 
process. Oxygen is conducted to the system from a supply thereof 76 through a valve 
93 and line 122 and is generally maintained at a concentration of about 0.1 to about 3% 
by weight. The mixture of passivated titanium and salt is thereafter fed to a wash 
system not shown. Various flow meters 81 are positioned throughout the system as 
required, as are pressure control valves 89 and pressure transducers 86. A filter 
backwash valve 91 is positioned so that the filter 27 can be backwashed when required 
if it becomes clogged or othenwise requires backwashing. Standard engineering items 
such as valves 93, vacuum pump 95 and pressure transducers 86 are situated as 
required. Symbol 100 is used to denote that parallel systems identical or similar to all 
or a portion of the system 10 illustrated may be operated simultaneously or in 
sequence. 

In the Armstrong process, the production of the metal, alloy or ceramic is 
continuous as long as the reactants are fed to the reactor. The present invention 
provides a separation system, apparatus and method which permits the separation to 
be either continuous or in sequential batches so rapidly switched by appropriate valving 
as to be as continuous as required. The object of the invention is to provide a 
separation apparatus, system and method which allows the reactor(s) 15 in a 
commercial plant to operate continuously or in economic batches. Reduction of the 
distillation time in vessel 25 is important in order to operate a plant economically, and 
economics dictate the exact size, number and configuration of separation systems and 
production systems employed. Although described with respect to Ti powder, the 
invention applies to the separation of any metal, alloy thereof or ceramic produced by 
the Armstrong process or other industrial processes. 
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The heating mechanism shown is by fluid heat exchange, but heaters could also 
be electric or other equivalent means, all of which are incorporated herein. The bottom 
closure 30 is shown as hinged and is available comrnerciaily. The closure 30 may be 
clamped when shut and hydraulically moved to the open position; however, sliding 
closures such as gate valves are available and incorporated herein. Although the 
reactor 20 is shown separate from the vessel 25, the invention includes engineering 
changes within the skill of the art, such as but not limited to incorporating reactor 20 into 
vessel 25. Although vessel 35 is illustrated in one embodiment, the vessel 35 could 
easily be designed as a pipe. Also, the caisher 38 could be located in vessel 25 or 
intermediate vessel 25 and vessel 35. Moreover, the cake forming on the filter 27 may 
be broken up prior to or during or subsequent to removal of the liquid metal 
therefrom. Similariy, when refening to an inert environment, the invention includes a 
vacuum as well as an inert gas. An important feature of the invention is the separation 
of vessels 25 and 35 so the environments of each remain separate. That way, no 
oxygen can contaminate either vessel. 

In one specific example, a reactor 15 producing 2 million pounds per year of 
titanium powder or alloy powder requires two vessels 25, each roughly 14' high and 7' 
in diameter with appropriate valving, so that the reactor 1 5 would operate continuously 
and when one vessel 25 was filled, the sluny product from the reactor would switch 
automatically to the second vessel 25. The fill time for each vessel 25 is the same or 
somewhat longer than the deliquor, distill and evacuation time for vessel 25. 

Changing production rates of reactor 1 5 simply requires engineering calculations 
for the size and number of vessels 25 and the related equipment and separation 
systems. The invention as disclosed pemiits continuous production and separation of 
metal or ceramic powder, while the specific example disclosed permits continuous 
separation with two or at most three vessels 25 available for each reactor 15. With 
multiple reactors 15, the number of vessels 25 and related equipment would probably 
be between 2 and 3 times the number of reactors. 
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While there has been disclosed what is considered to be the prefen-ed 
embodiment of the present Intention, it Is understood that various changes In the details 
may be made without departing from the spirit, or sacrificing any of the advantages of 
the present invention. 
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WHAT IS CLAIMED IS: 

1 . A methcxi of separating metal powder from a slurry of liquid metal and 
metal powder and salt, comprising intnaducing the slurry Into a first vessel operated in 
an inert and/or vacuum environment for separation of liquid metal from the metal 
powder and salt leaving principally salt and metal powder substantially free of liquid 
metal, transfenring the salt and metal powder substantially free of liquid metal to a 
second vessel operated in an inert environment, and thereafter treating the salt and 
metal powder to produce passivated metal powder substantially free of salt and liquid 
metal. 

2. The method of claim 1, wherein the inert environment is an argon 
atmosphere. 

3. The method of claim 1 , wherein the salt and metal powder are crushed 
to form clumps having diameters less than about five centimeters prior to passivation. 

4. The method of claim 1 , wherein the liquid metal is separated from the salt 
and metal powder in the first vessel both as a liquid and as a vapor. 

5. The method of claim 4, wherein the liquid metal vapor from the first vessel 
is transfen-ed to a condenser operated in an inert environment. 

6. The method of claim 4, wherein the liquid metal is an alkali or an alkaline 
earth metal or mixtures thereof. 

7. The method of claim 6, wherein the salt is a halide. 

8. The method of claim 7, wherein the metal powder is titanium or a titanium 

alloy. 

9. The method of claim 8, wherein the titanium or titanium alloy is CP 1 to 

CP 4. 

10. The method of claim 9, wherein the metal powder has diameters in the 
range of from about 0.1 to about 10 microns. 

1 1 . The method of claim 1 , wherein passivation occurs on a conveyor. 

12. The method of claim 11, wherein the metal powder is continuously cooled 
and passivated. 
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1 3. The method of claim 1 , wherein the environments of the first and second 
vessels are protected from contamination by oxygen during the production of metal 
powder substantially free of salt and liquid metal. 

14. A method of separating metal powder from a sluny of liquid metal and 
metal powder and salt formed by introducing a metal halide vapor subsurface of a liquid 
metal causing an exothermic reaction producing salt and metal powder with the liquid 
metal being present in excess of the stoichiometric amount required, comprising 
introducing the slurry into a first vessel operated in an inert and/or vacuum environment 
for filtration and vaporization of liquid metal from the metal powder and salt leaving 
principally salt and metal powder substantially free of liquid metal, transferring the liquid 
metal vapor to a condenser operated in an inert environment to convert the liquid metal 
vapor to a liquid to be recycled for production of additional metal powder, transferring 
the salt and metal powder substantially free of liquid metal to a second vessel operated 
in an inert environment, and thereafter treating the salt and metal powder to produce 
passivated metal powder substantially free of salt and liquid metal. 

1 5. The method of claim 1 4, wherein the slurry is heated in the first vessel by 
contact with a heat exchanger internal to the first vessel having heat exchange fluid 
pumped therethrough. 

16. The method of claim 14, wherein the liquid metal vapor from the first 
vessel is cooled by contact with heat exchanger internal to the condenser having a heat 
exchange fluid pumped therethrough. 

17. The method of claim 14, wherein the first vessel is heated by both an 
internal and an external heat exchanger. 

1 8. The method of claim 14, wherein the slurry is introduced into the interior 
of a candle filter in the first vessel with liquid metal flowing through the candle filter and 
out of the first vessel. 

19. The method of claim 14, wherein the inert environment for the first and 
second vessels is an argon atmosphere. 
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20. The method of claim 1 9, wherein the condenser is operated in an argon 
atmosphere. 

21 . The method of claim 14, wherein the environments of the first and second 
vessels are protected from contamination by oxygen during the production of metal 
powder substantially free of salt and liquid metal. 

22. A system for separating metal powder from a slurry of liquid metal and 
metal powder and salt formed by Introducing a metal halide vapor subsurface of a liquid 
metal causing an exothemnic reaction producing salt and metal powder with the liquid 
metal being present in excess of the stoichiometric amount required, comprising a first 
inerted vessel in communication with a heater and a filter for filtering liquid metal from 
the slurry and for heating liquid metal to vaporize the liquid metal from the salt and 
metal powder fonming a filter cake of salt and metal powder, an inerted condenser in 
communication with said first vessel for receiving metal vapor and converting same to 
liquid metal, a second inerted vessel in valved communication with said first inerted 
vessel for receiving filter cake therefrom; a crusher in or in communication with said 
second inerted vessel for cmshing the filter cake; a cooling and passivating station for 
receiving crushed filter cake, and a valve mechanism intermediate said first and second 
vessel and between said second vessel and said cooling and passivating station to 
prevent air from contaminating said first and second vessels during transfer of filter 
cake from said first vessel to said cooling and passivating station. 

23. The system of daim 22, wherein said heater in communication with said 
first inerted vessel is interior of said vessel. 

24. The system of claim 23, wherein said heater interior of said inerted first 
vessel is in communication with a source of heat exchange fluid which optionally Is 
dedicated to said heater. 

25. The system of claim 22, wherein said filter in communication with said first 
inerted vessel is interior of said vessel. 

26. The system of claim 25, wherein said filter is a filter forming an annulus 
with said first inerted vessel into which liquid metal fiows, and further including a conduit 
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in communication witii said annuius for transferring liquid metal from said first inerted 
vessel to an inerted liquid metal reservoir. 

27. The system of claim 22, wherein said first and second inerted vessels are 
inerted with argon. 

28. The system of claim 27, wherein said condenser is inerted with argon. 

29. The system of claim 28, wherein said inerted condenser is in 
communication with an argon inerted reservoir for liquid metal fonned from condensed 

metal vapor. 

30. The system of claim 22, wherein said condenser is in communication with 
a source of heat exchange fluid which optionally is dedicated to said condenser. 

31. The system of claim 22, wherein said valve intermediate said first and 
second inerted vessel is hinged to open into said second inerted vessel. 

32. The system of claim 22, wherein said first and second vessel are integral. 
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(57) Claim 

1. A method of obtaining a desired metal selected from the group 
consisting of metats capable of existing in the form of a compound 
capable of being reduced with a liquid metal reducing agent which 
comprises a reaction comprising contacting such a compound of said 
desired metal in substantially compact form with a liquid metal 
reducing agent being sodium and potassium metals at a temperature 
not greater than the boiling point or the sublimation point of the 
compound at the pressure of the reaction whereby to obtain said 
desired metal. 

2. A method as claimed in claim 1, wherein said compound is a covalent 
halide. 

A method of obtaing a desired metal selected from the group 
consisting of titanium, aluminium, iron, manganese, hafnium, 
zirconium, tantalum, vanadium, uranium and tungsten which 
comprises a reaction comprising contacting a halide of said desired 
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metal in substantially compact form with a liquid metal reviucing 
agent being sodium and potassium metals at a temperature not 
greater than the boiling point or the sublimation point of the 
compound at the pressure of the reaction whereby to obtain said 
desired metal. 

ft. A method as claimed in claim wherein said desired metal is 

15. A method as claimed in claim 13, wherein said liquid metal reducing 
agent addition alloy includes at least one of calcium and magnesim. 
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This invention relates to chemical processes. In another apsect this 
invention relates to chemical processes involving reactive metahfs) in the 
liquid state at temperatures and pressures such that the other reactants, 
3«7i^!l^ covalent halides, are present in compact phase i.e. not in the 
y gas i oufi phase. 

I have found ti.at in chemical process wherein one of the reactants is a 
suitable metal or is a suitable metal mixture, in the liquid state, substantial 
and unexpected advantages accrue from employment of the liquid metal in 
considerable stoichiometric excess. Inter alia, the invention takes 
advantage of the extraordinarilv high capability to transfer heat which is 
exhibited by metals in the liquid state. The excess liquid metal also 
functions as a materials transfer agent. 

The present invention provides a method of obtaining a desired metal 
selected from the group consisting of metals capable of existing in the 
form of a compound capable of being reduced with a liquid metal reducing 
agent which comprises a reaction comprising contacting such a compound 
of said desired metal in substantially compact form with a liquid metal 
reducing agent being sodium and potassium metals at a temperature not 
greater than the boiling point or the sublimation point of the compound at 
the pressure of the reaction whereby to obtain said desired metal. 

Preferably said compound is a covalent halide. 

Preferably said desired metal is selected from the group consisting of 
titanium, aluminium, iron, manganese, hafnium, zirconium, tantalum, 
vandium, uranium and tungsten. 
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In a particularlv preferred aspect the present invention provides a method 
of obtaining a desired metal selected from the group consisting of titanium 

aluminiunn iron manganese hafnium zirconium tantalum vanadium uranium 
and tungsten which comprises a reaction comprising contacting a halide of 
said desired metal in substantially compact form with a liquid metal 
reducing agent being sodium and potassium metals at a temperature not 
greater than the boiling point or the sublimation point of the compound at 
the pressure of the reaction whereby to obtain said desired metal. 

c 

Particular advantage is derived from application of the 
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1 invention to recovery of titanium from its tetrachloride 

2 which is directly derivable from ores such as rutile. 

3 High purity titanium metal is today a strategic 

4 material, for example in space research and for high speed 

5 aircraft. It is expensive to produce by conventional means; 

6 firstly because it is so reactive at high temperatures, 

7 especially temperatures greater than 500°C and. it is 

8 particulary reactive with respect to oxygen. 

9 A development of the invention envisages t^e 

10 preparation of alloys which are required to be free^W 

11 impurities, particularly oxygen, such as iron titanium and 

12 titanium iron manganese alloys. Alloys such as these can be 

13 used to store hydrogen in the form of hydrides and the 

14 amount of hydrogen which can be stored is inversely 

15 dependant on the amount of oxygen contamination. 

16 The alloys referred to above as hydrogen stores may 

17 provide a satisfactory source of hydrogen for use as a fuel 

18 for internal combustion engines and for storage of energy 

19 via the fully reversible heat of reaction. 

20 Oxygen is ubiquitously present in air and water and 

21 only a few parts per million are required to adversely 

22 affect the properties of high purity titanium metal and the 

23 types of alloys mentioned herein. Consequently very special 

24 techniques are needed to produce titanium metal in oxygen- 

25 free condition. 

26 It Is recognized that "commercial pure" titanium 

27 capitalises upon the presence of impurity oxygen which is 

28 controlled, like carbon In steel, to increase the stiffness 

29 in ambi^^nt temperature conditions for corrosion resistant 

30 duty as In chemical plants. 

31 Because of the special nature of the covalent titanium 

32 hallde compounds, particularly the chlorides, It Is possible 

33 to purify them entirely from oxygen reasonbly easily and in 

34 a continuous plant. However, existing processes for recovery 

35 of titanium metal from the hallde Invariably result In 

36 surf ace contami nati on from air and/or water arising from 

37 recovery of the "sponge" from solidified melts. Only 
X38 coarsely crystalline material with low surface/volume ratio 
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can be used for high purity metal. Fine titanium adsorbs so 
much water and/or air on its surface that subsequent melting 
under argon at minimum pressure to maintain an electric arc 
yields a metal ingot unacceptably high in oxygen for high 
purity metal. Furthermore, fine titanium powder is generally 
pyrophoric and must be handled in an inert atmosphere. 

The invention is also applicable to the obtaining of 
other metals as noted above and of these another 
particularly economically significant metal is aluminium. 
However, care needs to be applied in obtaining an anhydrous 
halide and it is desirable that the halide be in liquid 
phase. 

Many halides may be put in liquid phase, if that is not 
their normal condition, by heat and/or pressure so as to 
liquefy them but it is also possible to dissolve halides in 
inert solvents such as a paraffin or suspend it in a liquid 
or even use reactive solvents such as feric chloride and 
titanium tetrachloride.. 

However, experimental work does show that even if the 
halide is in solid form reaction does occur. 

Preferably said liquid metal reducing agent comprises a 



of ^^tl.., 

a mixture^containing a Group I metal. 

Preferably said liquid metal reducing agent is a 
mixture of sodium and potassium alloy. 

Said liquid metal reducing agent may contain at least 
one of calcium and magnesium. 

It is desirable that said reaction is conducted at a 
temperature not greater than the boiling point or 
sublimation point of the halide under the pressure 
pertaining. 

It Is desirable that said reaction Is conducted at a 
temperature such that solid by-product halides of said 
liquid metal reducing agent are formed. 

The reaction Is greatly exothermic. When using NaK 
alloy In the presence of approximately equivalent amounts of 
reactants without cooling, the evoked heat caused the 
reaction to "run away" with a resultant explosion. This Is 
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1 avoided, in accordance with the present invention, by 

2 employment of the liquid metal reducing agent in 

3 considerable excess to transfer the heat to an external 

4 sink. The excess liquid metal reducing agent not only 

5 displaces the equilibrium in favour of the reaction; while 

6 part of the liquid metal reducing agent reacts and ceases to 

7 be metallic, the excess continues to act as a potent 

8 reductant but also acts as a highly efficient heat transfer 

9 medium, in situ, at the actual reactive zone where the heat 

10 is produced. A high yield of fully reduced desired metal is 

11 obtained by operating under these conditions, at a suitable 

12 reactor temperature. Partially this is because the strongly 

13 electro positive liquid metal reducing agent not only acts 

14 as a carrier and heat transfer medium but also as an 

15 unrestricted source of electrons by electronic conduction, 

16 once the covalent bonds of the halide of the desired metal 

17 are split. Substantially full reduction to desired metal 

18 occurs. There was no evidence that lesser reduction to 

19 undesired metal cations occurs. Working with excess liquid 

20 metal reducing agent in intimate contact with a compact 

21 |»J»*»=ej; i n contrast to a disperse vapour, is an important 

22 advance over prior art processes which at low temperatures 

23 have produced desired metal in low yields, due to partial 

24 reduction to lower halides. 

25 If desired, heat might be removed from the reaction by 

26 circulating the liquid metal reducing agent to a cooling 

27 station but In general the conductivity of the liquid metal 

28 reducing agent will be effective in carrying heat to the 

29 wall of a reaction vessel from which heat may be removed. 

30 In one Instance at least portion of said liquid metal 

31 reducing agent is circulated between the reaction vessel and 

32 reaction product removal station whereby to convey reaction 

33 products away from said reaction vessel. 

34 Preferably said liquid metal reducing agent Is present 

35 In stoichiometric excess. 

36 Preferably said desired metal that is produced Is 

37 removed from said reaction with the liquid metal reducing 

38 agent and Is thereafter separated from by-product halides of 
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1 said liquid metal reducing agent and from the liquid metal 

2 reducing agent. 

3 The operating pressure of the process should preferably 

4 be maintained by rare gas, e.g. argon, the current economic 

5 choice. 

6 The process according to the invention may be carried 

7 out continuously and in such case excess liquid metal may be 

8 employed as a carrier to remove the reaction products at low 

9 temperature from the reaction vessel to suitable filters, 

10 screens, decantation vessels and/or centrifuges or vacuum 

11 distillation stages. A liquid slurry of the liquid metal 

12 reducing agent and reaction products will flow and can be 

13 pumped by known means. 

14 The product salts (sodium chloride and/or potassium 

15 chloride) may be separated from the much heavier desired 

16 metal powder in a centrifuge, and the excess sodium, 

17 potassium or NaK alloy may then be centrifuged or filtered 
. ." 18 from these separately. Finally the residual NaK metal may be 

■; 19 evaporated under high vacuum from the titanium powder after 

20 particle modification if desired, in a higher temperature 

21 loop. 

22 In general, complete removal of liquid metal reducing 

23 agent halldes from liquid metal reducing agent which is to 

24 be reused is not considered essential as such halides 

25 probably act as seeds for reaction initiation. 

26 Anhydrous ammonia will be found useful in removing 

27 traces of liquid metal reducing agent from desired metal. 

28 Preferably said reaction Is initiated by liquefying 
; . 29 said halide and. If necessary, a precursor material In solid 

; 30 form of said liquid metal reducing agent. 

31 It Is possible to pass liquid sodium metal 

32 countercurrent to by-product halldes of said liquid metal 

33 reducing Bgent|w4M>^r««y to regenerate potassium metal from 

34 potassium chloride. 

35 For high purity compact product, metal powder produced 

36 by the process of the present invention Is preferably 

37 directly melted by the electron beam technique, which avoids 

038 the contamination experienced In the use of electric arcs on 
i22,csspe.053,un1chem, 



- 6 - 

1 water washed metal powder or that which has been exposed to 

2 the air. An electric arc must have a minimum amount of gas 

3 present to ionise, and will not operate in an ultra high 

4 vacuum that would strip all gases off hot surfaces. In 

5 conventional arc processes argon or helium atmospheres are 

6 employed but the absolute pressure necessary prevents good 

7 stripping of air and water vapour form the washed metal 

8 powder. 

9 Electron beam melting is generally becoming the 
10 preferred compacting means in rare and contami natable metal 
n technology, for example that of titanium, hafnium, 

12 zirconium, tantalum and tunsten. 

13 Thus in a preferred embodiment of the invention, metal 

14 powder from which the residual NaK alloy has been 

15 evaporated, is fed directly into the melting electron beam 

16 without ever having been exposed to air or water. In these 

17 circumstances small particle size is advantageous. Also 

18 electroslag melting may be applicable. 

19 In another embodiment powder suitably conditioned in a 

20 hot loop may be released to ambient and handled 

21 conventionally for use in powder metallurgy or for hydrogen 

22 storage as hydride. Treatment with an alcohol or ketone has 

23 been found to reduce and in some cases eliminate pyrophoric 

24 problems. 

25 Because liquid sodium reduces potassium from its molten 

26 salts (cf vice versa in aqueous media), no difficulty in 

27 keeping potassium captive in the system is anticipated. In 

28 one proposed embodiment of the Invention, for continuous 

29 production of titanium, liquid Na metal from an electrolytic 

30 reduction cell would enter the process counter current to 

31 outgoing mixed product NaCl and KC1 stream. This counter 

32 current contacting, with sufficient heat and mass transfer 

33 stages, would both retain the K In the system and conserve 

34 the heat. 

35 Then overall the feed to the process would be. TICI4 

36 and Na metal and the products be T1 metal and NaCI which 

37 latter could be recycled directly to an electrolytic cell 
NJ8 from which in turn Clg would be available either to an 

b) 
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1 integrated TiCl^ production plant or for sale according to 

2 economics of procurement of TiCl^ and titanium source 

3 materials, e.g. rutile plus carbon, at the plant site. For 

4 economic reasons site melted Na brought into the site, may 

5 be better than recycle to an integrated electrolytic cell. 

6 without affecting the generality of the principle of captive 

7 K, which essentially removes its cost from the economics of 

8 production, this being essentially tied to TiCl4 and Na in 

9 and Ti + NaCl out of the essential process. Similar 

10 considerations apply to other desired metals. 

1 1 EXAMPLE 1 

12 Titanium metal was recovered from TiCl4 by reaction 

13 with a large excess of NaK alloy. 

14 The apparatus incorporated means for evacuating the 

15 system to below 10 microns of mercury; a supply of inert 

16 gas; the means for external heating and cooling a reactor, 

17 with a heat transfer medium inert to NaK. The reactor was 

18 made of pyrex glass so that the reaction mixture was clearly 

19 visible. A stirrer totally isolated from ambient was built 

20 into the reactor, and means for sampling while stirring 

21 while under inert gas or vacuum were provided. Safety of 

22 operation was a paramount consideration. 

23 The stirrer was adjustable and made of nickel tubing, 

24 as it is known that nickel is an inert reaction vessel 

25 material for the preparation of titanium from its chlorides. 

26 As au tocata 1 ys 1 s may be Important In the mechanism, 

27 facilities were provided for both nickel and titanium 

28 propellers on the stirrer. 

29 The reactor was made of pyrex glass, surrounded by a 



30 pyrex glass Jacket through which high flash point, low 

31 viscosity oil was pumped to either heat or cool the 

32 reactants. The Jacket, In particular the base, was designed 

33 to maintain high heat transfer rates at the vessel walls. 

34 Inside the reactor, the stirred liquid NaK alloy Itself 

35 constituted an excellent heat transfer medium. On one side 

36 of the vessel was provided a connection to a burette 

37 containing TlCI^. and on the other side a vent to a mercury 

38 lute. A sampling probe was also provided. 
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1 A thermocouple was connected into the cooling systm at 

2 the point where the oil leaves the glass jacket surrounding 

3 the reactor. 

4 The lute provided was adapted to vent to atmosphere any 

5 pressure surge which may occur in the system, yet allow a 

6 high vacuum to be applied to the system. 

7 Argon gas was used as the protective gas. as is 

8 customary the preparation of titanium, but facilities for 

9 using nitrogen were also built into the system. The argon 

10 used was a commercially pure grade, and was purified of any 

11 traces of water vapour and oxygen before admission following 

12 evacuation. 

13 The titanium tetrachloride used was laboratory reagent 

14 grade, which was distilled in an atmosphere of nitrogen 

15 before use, the boiling range 133°C to 135°C being 
15 collected. 

17 60/40 mole % NaK sodium-potassium alloy was prpared. 30 

18 g (1020 millimoles) of the alloy was charged into the 

19 reactor via a No. 3 porous filter disc, under the cover of 

20 argon gas, and the tetrachloride was placed in a burette 

21 which had a fitting to connect it to the reactor. 

22 The stirrer was set running and 2.00 ml. (18 



23 millimoles) of TiCl^ was added to the alloy. The reaction 

24 mixture was stirred vigorously. The top layer of alloy 

25 became darker and went through a wide range of colours; 

26 gold, blue, pink and green all being noticeable. Then 

27 another 1.20 ml (11 millimoles) of TiCl^ was added and once 

28 again many colours were visible, then 70 seconds after the 

29 addition, there was a flash of light, and a recorder showed 

30 a rapid 0.8**C Increase in the temperature of cooling fluid 



31 from about 25°C. A dark grey substance was now seen Inside 

32 the apparatus Intermixed with the liquid metal. There was 

33 evidence of a considerable Increase In the viscosity of the 

34 excess liquid metal. 

3b The whole system was evacuated to remove any remaining 

36 TICI4 (none was found In subsequent tests on the cold trap 

37 washings). To facilitate analysis of the products, two lots 

38 of 25 ml. of ethanol (436 millimoles each) were added to 
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1 destroy the alloy. 

2 When all the alloy was destroyed, suction was applied 

3 to a sample probe Inserted into the reactor and as much 

4 material as possible was withdrawn into the filter. The 

5 solid's were filtered and washed with ethanol and then dried 

6 under vacuum. The reaction vessel also contained a quantity 

7 of rather finer solids and these were also collected and 

8 washed with ethanol, but kept separate from the coarser 

9 samples. The two samples were extracted with hot water, and 
10 after drying, the mass of water-insoluble material was 1.53 
n g. 1.12 g from the coarse sample and 0.41 g from the fine 

12 sample. 

13 Metallurgical examination indicated that both samples 

14 after the above treatment comprised non-pyrophoric titanium. 

15 For purpose of examination, they wi>re dissolved in hot 

16 dilute sulphuric acid, precipitated with ammonia and ignited 

17 to Ti02. The yield was close to theoretical. 

1 8 EXAMPLE II 

ig /ji CI ^'^^ procedure of Example I was repeated excepting that 

20 A lC - 1 - 3 was used in lieu of TiCl4. 

21 Aluminium metal was produced although yields were low 

22 and reaction times long probably due to the fact that the 

23 j^ ]*tl *3 remained in solid state throughout the process; the 

24 apparatus used bei ng^^ in ca pa bl e of holding the pressure 

25 necessary to 1 iquefy^ftK*^ under the temperatures that were 

26 practical. 

27 EXAM PLE III 

28 While the process exemplified in Example II proved the 

29 process of this invention as applicable to aluminium, 

30 further experiment was made to Improve yields by conducting 

31 the process inside a sealed bomb so as to ensure 

32 liquefaction of A lC»j ^ ^k*^'*. 

33 30g of a 60/40 mole Z NaK sodium - potassium alloy was 

34 charged Into a bomb under 1 n^r^| atmosphere conditions and 

35 lOgm of dry freshly prepared/(A4£^ was also charged Into the 

36 bomb under Inert atmosphere conditions. 

37 The bomb was sealed and heated to 300°C and maintained 
^38 at that temperature for 15m. 

i22,csspe.053,un1chem. 
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1 After cooling, the bomb was unsealed under an inert 

2 atmosphere and the NaK alloy was destroyed and product metal 

3 was extracted similarly as in Example I. 

4 A yield of aluminium of 80% of theoretical was 

5 obtained. 

6 This example indicates the desirability of the halide 

7 being in liquid phase. 

8 By the use of the exemplary processes we can provide a 

9 pure metal such as titanium, aluminium or an alloy such as 

10 Ti Fe suitable for the new hydride storage technology or 

11 other metals or mixtures of metals for which truly anhydrous 

12 halides are preferred. 
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The claims defining the invention are as follows:- 

1. A method of obtaining a desired metal selected from the group 
consisting of metals capable of existing in the form of a compound 
capable of being reduced with a liquid metal reducing agent which 
comprises a reaction comprising contacting such a compound of said 
desired metal in substantially compact form with a liquid metal 
reducing agent being sodium and potassium metals at a temperature 
not greater than the boiling point or the sublimation point of the 
compound at the pressure of the reaction whereby to obtain said 
desired metal. 

2. A method as claimed in claim 1, wherein said compound is a covalent 
halide. 

3. A method as claimed in claim 1, wherein said desired metal is 
selected from the group consisting of titanium, aluminium, iron, 
manganese, hafnium, zirconium, tantalum, vanadium, uranium and 
tungsten. 

A method of obtaing a desired metal selected from the group 
consisting of titanium, aluminium, iron, manganese, hafnium, 
zirconium, tantalum, vanadium, uranium and tungsten which 
comprises a reaction comprising contacting a halide of said desired 
metal In substantially compact form with a liquid metal reducing 
agent being sodium and potassium metals at a temperature not 
greater than the boiling point or the sublimation point of the 
compound at the pressure of the reaction whereby to obtain said 
desired metal. 

5. A method as claimed in claim *, wherein said desired metal is 
titanium. 
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fi. A method as claimed in claim i*, wherein said desired metal is 

7. A method as claimed in claim wherein the halide is an anhydrous 
halide. 

8. A method as claimed in claim >t, wherein the halide is in liquid phase. 

9. A method as claimed in claim 8, wherein the halide is in solution. 

10. A method as claimed in claim 8, wherein the halide is in suspension. 

11. A method as claimed in claim wherein the halide is in liquefied 
form. 

12. A method as claimed in claim 4, wherein the halide is in solid form. 

13. A method as claimed in any preceding claim wherein said liquid metal 
reducing agent comprises a mixture of metals containing a Group 1 
metal. 

1*. A method as claimed in claim 13, wherein said liquid metal reducing 
agent is a mixture of sodium and potassium alloy. 

15. A method as claimed in claim 13, wherein said liquid metal reducing 
agent addition alloy includes at least one of calcium and magnesim. 

16. A method as claimed in any preceding claim wherein said reaction is 
conducted under substantially anhydrous conditions. 

17. A method as claimed in claim 4, wherein said reaction is conducted at 
a temperature and pressure such that the halide and said liquid metal 
reducing agent are maintained in liquefied form. 

18. A method as claimed In claim 17, wherein said reaction Is conducted 
at a temperature such that solid by-product halides of said liquid 
metal reducing agent are formed. 

19. A method as claimed In any preceding claim wherein said reaction is 
conducted under substantially oxygen free conditions. 
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20. A method as claimed in any preceding claim which is conducted in a 
reaction vessel and wherein at least a portion of said liquid metal 
reducing agent is circulated between the reaction vessel and a 
reaction productsremoval station whereby to convey^ roatiow products 
away from said reaction vessel. 

21. A method as claimed in any preceding claim wherein said liquid metal 
reducing agent is present in stoichiometric excess. 

22. A method as claimed in any preceding claim wherein said reaction is 
effected under an inert atmosphere. 

23. A method as claimed in claim wherein said desired metal that is 
produced is removed from said reaction with the liquid metal reducing 
agent and is thereafter separated from by-product hatides of said 
liquid metal reducing agent and from the liquid metal reducing agent. 

2<t. A method as claimed in any preceding claim wherein said reaction is 
initiated by liquefying said halide and if necessary a precursor 
material in solid form of said liquid metal reducing agent. 

25. A method as claimed in claim 1*, comprising passing liquid sodium 
metal countercurrent to by-product halides of said liquid metal 
reducing agent whereby to regenerate potassium metal from 
potassium chloride. 

26. A method of producting a metal substantis'Iy as hereinbefore 
described with reference to any one of the Examples. 

DATED this 30th day of June 1989 
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(57) Procede de production d'un element non metallique, 
d'un metal on bieii d'un ailiage de ces deraiers a partii- 
d'un halog^nure ou de melanges d'haiog^nures. Selon ce 
precede on met en contact ITialogenure ou le melange 
d'halogenures avec un ecoulement de metal alcaliii 
liquide, ou de metal alcalino-terreux ou encore de 
melanges de ces demiers dans une quantite suffisante 
pour que I'halogenure se transforme en un non metal, en 
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metal or mixtures thereof in sufficient quantity- to convert 
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maintain the temperature of the reactants at a temperature 
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un metal ou en un alliage et pour maintemr la 
temperature des reactants a ime temperature inferieure a 
la plus basse lemperalure d'ebuUiliun du m«iuil alcalin uu 
du mdtal alcalino-terreux a la pression atmospherique ou 
la temperature de frittage du non metal, du metal ou de 
I'alliage produiL On derail un precede en conlinu 
s'appliquant tout particuliferement au titane. 



alkaline earth metal at atmospheric pressure or the 
sintaing temperature of the produced non-metal or metal 
or alloy. A continuous method is disclosed, particularly 
applicable to titanium. 
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Background cf th« inva«lilo« 

This invention relates to the production of elemental 
material from the halides thereof and has particular 
applicability to those metals and non-metals for which the 
reduction of the halide to the element is exothermic. 
Particular interest exists for titanium and the present 
invention will be described with particular reference to 
titanium but is applicable to other metals and non-metals such 
as Al, As, Sb, Be, B, Ta, Ge, V, Nb, Mo, Ga, Ir, Os, U and Re, 
all of which produce significant heat upon reduction from the 
halide to the metal. For the purposes of this application, 
elemental materials include those metals and non-metals listed 
above or in Table 1. 

At present titanium production is by reduction of 
titanium tetrachloride, which is made by chlorinating 
relatively high-grade titanium dioxide ore. Ores containing 
rutile can be physically concentrated to produce a satisfactory 
chlorination feed material; other sources of titanium dioxide, 
such as ilmenite, titaniferous iron ores and most other 
titanium source materials, require chemical beneficiation. 

The reduction of titanium tetrachloride to metal has 
been attempted using a number of reducing agents including 
hydrogen, carbon, sodium, calcium, aluminum and magnesium. The 
magnesium reduction of titanium tetrachloride has proved to be 
a commercial method for producing titanium metal. However, the 
resultant batch process requires significant material handling 
with resulting opportunities for contamination and also in 
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quality variation from batch to batch. The greatest potential 
for decreasing production cost is the development of a 
continuous reduction process with attendant reduction in 
material handling. 

There is a strong demand for the development of a 
process that enables continuous economical production of 
titanium powder suitable for use without additional processing 
for application to powder metallurgy or vacuum-arc melting to 
ingot form. The Kroll process and the Hunter process are the 
two present day methods of producing titanium commercially. 

In the Kroll process, titanium tetrachloride is 
chemically reduced by magnesium at about 1000 »C. The process 
is conducted in a batch fashion in a metal retort with an inert 
atmosphere, either helium or argon. Magnesium is charged into 
the vessel and heated to prepare a molten magnesium bath. 
Liquid titanium tetrachloride at room temperature is dispersed 
dropwise above the molten magnesivin bath. The liquid titanium 
tetrachloride vaporizes in the gaseous zone above the molten 
magnesium bath. A surface reaction occurs to form titanitim and 
magnesium chloride. The Hunter process is similar to the Kroll 
process, but uses sodium instead of magnesium to reduce the 
titanium tetrachloride to titanium metal and produce sodium 
chloride. 

For both processes, the reaction is \mcontrolled and 
sporadic and promotes the growth of dendritic titanium metal. 
The titanlvun fuses into a mass that encapsulates some of the 
molten magnesium {or sodium) chloride. This fused mass is 
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called titanium sponge. After cooling of the metal retort, the 
solidified titanium sponge metal is broken up, crushed, 
purified and then dried in a stream of hot nitrogen. Powder 
titanium is usually produced through grinding, shot casting or 
centrifugal processes. A common technique is to first cause 
the titanium to absorb hydrogen to make the sponge brittle to 
facilitate the grinding process. After formation of the powder 
titanivim hydride, the particles are dehydrogentated to produce 
a usable product. The processing of the titanium sponge into a 
usable form is difficult, labor intensive, and increases the 
product cost by a factor of two to three. 

During these processing steps, some sponge particles as 
large as several centimeters in size may be ignited in air and 
are thereby converted to titanium oxynitride, which is usually 
not destroyed during the melting operation. The resulting 
inclusions of hard material within the titanium metal parts 
have been identified as causing disastrous failures of jet 
engine parts, leading to crashes of aircraft. 

The processes discussed above have several intrinsic 
problems that contribute heavily to the high cost of titanium 
production. Batch process production is inherently capital and 
labor intensive. Titanium sponge requires substantial 
additional processing to produce titanium in a usable form, 
increasing cost, increasing hazard to workers and exacerbating 
batch quality control difficulties. Neither process utilizes 
the large exothermic energy reaction, requiring substantial 
energy input for titanium production (approximately 6 kw-hr/kg 
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product metal) . In addition, the processes generate 

significant production wastes that are of environmental 
concern. 

PlinmTY fc*** invention 

Accordingly, an object of the present invention is to 
provide a method and system for producing non-metals or metals 

or alloys thereof which is continuous having significant 
capital and operating costs advantages over existing batch 
technologies. 

Another object of the present invention is to provide a 
method and system for producing metals and non-metals from the 
exothermic reduction of the halide while preventing the metal 
or non-metal from sintering onto the apparatus used to produce 
same. 

Still another object of the invention is to provide a 
method and system for producing non-metal or metal from the 
halides thereof wherein the process and system recycles the 
reducing agent, thereby substantially reducing the 
environmental impact of the process. 

The invention consists of certain novel features and a 
combination of parts hereinafter fully described, illustrated 
in the accompanying drawings, and particularly pointed out in 
the appended claims, it being understood that various changes 
in the details may be made without departing from the spirit, 
or sacrificing any of the advantages of the present invention. 
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Bri«f D^sorlDtloa of tha Drawincya 

For the purpose of facilitating an understanding of the 
invention, there is ill\istrated in the accompanying drawings a 
preferred enbodiment thereof, from an inspection of which, when 
considered in connection with the following description, the 
Invention, its construction and operation, and many of its 
advantages should be readily understood and appreciated. 

FIGURE 1 is a process flow diagram showing the 
continuous process for producing as an example titanium metal 
from titanium tetrachloride; 

FIG. 2 is a heat balance flow sheet for a process 
wherein the reactants exiting the burner are about 300«C; and 

FIG. 3 is an energy balance for a process in which the 
reactants exits the burner at about 850"C; and 

FIG. 4 is a schematic illustration of the prior art 
Kroll or Hvinter process. 

Detailed Deserintion of the inveBtlon 

The process of the invention may be practiced with the 
use of any alkaline or alkaline earth metal depending upon the 
transition metal to be reduced. In some cases, combinations of 
an alkali or alkaline earth metals may be used. Moreover, any 
halide or combinations of halides may used with the present 
invention although in most circumstances chlorine, being the 
cheapest and most readily available, is preferred. Of the 
alkali or alkaline earth metals, by way of example, sodium will 
be chosen not for purposes of limitation but merely purposes of 
illustration, because it is cheapest and preferred, as has 
chlorine been chosen for the same purpose. 
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Regarding the non-metals or metals to be reduced, it is 
possible to reduce a single metal such as titanium or tantalum 
zirconium, selected from the list set forth hereafter. It is 
also possible to make alloys of a predetermined composition by 
providing mixed metal ha 1 ides at the beginning of the process 
in the required molecular ratio. By way of example. Table 1 
sets forth heats of reaction per gram of sodium for the 
reduction of non-metal or metal halides applicable to the 
inventive process. 

Table 1 



FEEDSTOCK 


HEAT kJ/g 


TiCl^ 


10 


AlCLj 


9 


SbClj 


14 


BeClj 


10 


BCI3 


12 


TaCl, 


11 


VCl^ 


12 


NbClj 


12 


MOCI^ 


14 


Gael, 


11 


UF, 


10 


ReF^ 


17 



The process will be illustrated, again for purposes of 
illustration and not for limitation, with a single metal 
titanium being produced from the tetrachloride. 
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A eummary process flowsheet is shown in Figure 1. 
Sodium and titanium tetrachloride are combined in a burner 
reaction chamber lo where titanium tetrachloride vapor from a 
source thereof in the form of a distillation column 11 is 
injected into a flowing sodium stream from a source (not shown) 
thereof. Make up sodium is produced in an electrolytic cell 
12. The reduction reaction is highly exothermic, forming 
molten reaction products of titanium and sodium chloride. The 
molten reaction products are quenched in the bulk sodium 
stream. Particle sizes and reaction rates are controlled by 
metering of the titanium tetrachloride vapor flowrate, dilution 
of the titanium tetrachloride vapor with an inert gas, such as 
He or Ar, and the sodium flow characteristics and mixing 
parameters where the burner includes concentric nozzles having 
an inner nozzle for the Ticl^ and the outer nozzle for the 
liquid sodium, the gas is intimately mixed with the liquid and 
the resultant temperature, significantly affected by the heat 
of reaction, can be controlled by the quantity of sodium and 
maintained below the sintering temperature of the produced 
metal, such as titanium or about 1000 «C. 

The bulk sodium stream then contains the titanixim and 
sodium chloride reaction products. These reaction products are 
removed from the bulk sodium stream by conventional .separators 
13 and 14 such as cyclones or particulate filters. Two 
separate options for separation of the titanium and the sodium 
chloride exist. 
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The first option removes the titanium and sodium 
chloride products in separate steps. This is accomplished by 
maintaining the bulk stream temperature such that the titanium 
is solid but the sodium chloride is molten through control of 
the ratio of titanium tetrachloride and sodium f lowrates to the 
burner 10. For this option, the titanium is removed first, the 
bulk stream cooled to solidify the sodium chloride, then the 
sodium chloride is removed from separator 14. In this option, 
the process heat for titanium tetrachloride distillation would 
be removed from the bulk stream immediately after the titanium 
separator 13. 

In the second option for reaction product removal, a 
lower ratio of titanixun tetrachloride to sodium flowrate would 
be maintained in the burner 10 so that the bulk sodium 
temperature would remain below the sodium chloride sodification 
temperature. For this option, titanium and sodium chloride 
would be removed simultaneously. The sodium chloride and any 
residual sodium present on the particles would then be removed 
in a water-alcohol wash. 

Following separation, the sodium chloride is then 
recycled to the electrolytic cell 12 to be regenerated. The 
sodi\im is returned to the bulk process stream for introduction 
to burner 10 and the chlorine is used in the ore chlorinator 
15. It is important to note that while both electrolysis of 
sodium chloride and subsequent ore chlorination will be 
performed using technology well known in the art such 
integration and recycle of the reaction byproduct is not 
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possible with the Kroll or Hunter process because of the batch 
nature of those processes and the production of titanium sponge 
as an intermediate product. Operators of the Kroll and Hunter 
processes purchase titanium tetrachloride for use in the 
manufacture of titanium. The integration of these separate 
processes enabled by the inventive chemical manufacturing 
process has significant benefits with respect to both improved 
economy of operation and substantially reduced environmental 
impact achieved by recycle of waste streams. 

Chlorine from the electrolytic cell 12 is used to 
chlorinate titanium ore (rutile, anatase or ilmenite) in the 
chlorinator 15. In the chlorination stage, the titanium ore is 
blended with coke and chemically converted in the presence of 
chlorine in a f luidized-bed or other suitable kiln chlorinator 
15. The titanium dioxide contained in the raw material reacts 
to form titanium tetrachloride, while the oxygen forms carbon 
dioxide with the coke. Iron and other impurity metals present 
in the ore are also converted during chlorination to their 
corresponding chlorides. The titanium chloride is then 
condensed and purified by means of distillation in column 11. 
With current practice, the purified titanium chloride vapor 
would be condensed again and sold to titanium manufacturers; 
however, in this integrated process, the titanium tetrachloride 
vapor stream is used directly in the manufacturing process. 

After providing process heat for the distillation step 
in heat exchanger 17, the temperature of the bulk process 
stream is adjusted to the desired temperature for the burner 10 
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at heat exchanger 18, and then combined with the regenerated 
sodium recycle stream, and injected into the burner. It should 
be understood that various pumps, filters, traps, monitors and 
the like will be added as needed by those skilled in the art. 

Referring now to Figures 2 and 3, there is disclosed 
flow diagrams, respectively, for a low temperature process in 
Fig. 2 and a high temperature process in Fig. 3. The principal 
differences are the temperatures at which the sodium enters and 
leaves the burner 10. Like numbers have been applied for like 
equipment, the purpose of which was explained in Figure 1. For 
instance in Fig. 2 for the low temperature process, the sodium 
entering the burner 10 is at 200''C having a flow rate of 38.4 
kilograms per minute. The titanium tetrachloride from the 
boiler 11 is at 2 atmospheres and at a temperature of 164 "C, 
the flow rate through line I5a being l.i kg/min. Pressures up 
to 12 atmospheres may be used, but it is important that back 
flow be prevented, so an elevated at pressure of at least 2 
atmospheres is preferred to ensure that flow through the burner 
nozzle is critical or choked. In all aspects, for the process 
of Figures 1 as well as the processes of Figures 2 and 3, it is 
important that the titanium that is removed from the separator 
13 be at or below and preferably just below the sintering 
temperature of titanium in order to preclude and prevent the 
solidification of the titanium on the surfaces of the 
equipment, which is one of the fundamental difficulties with 
the processes commercially used presently. By maintaining the 
temperatvire of the titanium metal below the sintering 
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temperature of titanium metal, the titanium will not attach to 
the walls of the equipment as it presently does and, therefore, 
the physical removal of same will be obviated. This is an 
important aspect of this invention and is obtained by the use 
of sufficient Na metal or diluent gas or both to control the 
temperature of the elemental (or alloy) product. 

By way of interest, batch processes now in use require 
that the titanivira sponge be jackhammered from the collection 
vessel and considering the hardness of the sponge, is no mean 
task. 

The high-temperature process illustrated in Fig. 3 
shows that the temperature at which the sodium enters the 
boiler is at 750», having a flow rate of about 33.4 kg. 

The temperature of product from the burner in the low 
temperature process of Fig. 2 is about 300'C whereas the high 
temperature process is at about 850»C. It is clear that even 
at the high temperature process, the titanium is well below the 
sinterin? temperature which is approximately lOOO'C, thereby 
ensurin: ..aat the shortcomings of the present day process are 
avoided. The heat exchangers in both Figs. 2 and 3 are 
identified by the numeral 20 although the values of the power 
removed is different for the processes of Fig. 2 (low 
temperature) and Fig. 3 (high temperature) , due in part because 
of the placement of the heat exchanger 20 in the high 
temperature process prior to the separation of sodium chloride 
while in the low temperature process, the heat exchanger 20 is 
subsequent to the separation of sodium chloride resulting in 
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different power outputs as indicated. In both flow diagrams of 
Figs. 2 and 3, sodium make-up is indicated by the line 12A and 
this may come from an electrolytic cell 12 or some other source 
of sodium entirely different. In other aspects, both Figures 2 
and 3 are illustrative of the types of design parameters which 
may be used to produce titanium metal in a continuous process 
which avoids the problems inherent in the batch process 
presently in use commercially. 

The invention has been illustrated by reference to 
titanium alone and titanium tetrachloride as a feedstock, in 
combination with sodium as the reducing metal. However, it 
should be understood that the foregoing was for illustrative 
purposes only and the invention clearly pertains to those 
metals and non-metals in Table 1, which of course include the 
fluorides of uranium and rhenium and well as other halides such 
as bromides. Moreover, sodium while being the preferred 
reducing metal because of cost and availability, is clearly not 
the only available reductant. Lithium, potassium as well as 
calcium and other alkaline earth metals are available and 
thermodynanically feasible. It is well within the skill of the 
art to determine from the thermodynamic Tables which metals are 
capable of acting as a reducing agent in the foregoing 
reactions, the principal applications of the process being to 
those reactions which are highly exothermic as illustrated in 
Table 1 when the chloride or halide is reduced to the metal. 
Moreover, it is well within the skill of the art and it is 
contemplated in this invention that alloys can be made by the 
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process of the subject invention by providing a suitable halide 
feed in the molecular ratio of the desired alloy. 

While there has been disclosed what is considered to be 
the preferred embodiment of the present invention, it is 
understood that various changes in the details may be made 
without departing from the spirit, or sacrificing any of the 
advantages of the present invention. 
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The embodiments of the invention in which an 
exclusive property or privilege is claimed are defined as 
follows : 

1. A method of producing an elemental material or 
an alloy thereof from a halide vapor of the elemental material 
or a halide vapor of the alloy comprising submerging the 
halide vapor in flowing liquid alkali metal or liquid alkaline 
earth metal or mixtures thereof to convert the halide vapor to 
elemental material or an alloy wherein the conversion of the 
halide vapor to the elemental material or the alloy is 
exothermic . 

2. The method of claim 1, wherein the elemental 
material is one or more of Ti, Al, Sb, Be, B, Ga, Mo, Nb, Ta, 
Zr, and V. 

3. The method of claim 1, wherein the elemental 
material is one or more of Ir, Os, Re and U. 

4. The method of claim 1, wherein the alkali metal 
is one or more of Na, K and Li. 

5. The method of claim 1, wherein the alkaline 
earth metal is one or more of Ca, Sr and Ba. 

6. The method of claim 1, wherein the halide is 
one or more of Cl, Br and F. 

7. The method of claim 1, wherein the alkali metal 
is one or more of Na and K, the alkaline earth metal is one or 
more of Ca and Ba and the halide is one or more of Cl and Br. 
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8. The method of claim 1, wherein the halide vapor 
is supplied at a pressure sufficient to maintain sonic flow. 

9. The method of claim 1 and further comprising 
adding an inert gas to the halide vapor. 

10. The method of claim 9, wherein the inert gas is 

Ar or He. 

11. The method of claim 1, wherein the elemental 
material or alloy produced does not sinter. 

12. A method of continuously producing a non-metal 
or a metal or an alloy thereof coitprising, providing a supply 
of halide vapor of the metal or non-metal or mixtures thereof, 
providing a supply of flowing liquid alkali or alkaline earth 
metal or mixtures thereof, introducing the halide vapor 
submerged in the flowing liquid alkali metal or alkaline earth 
metal or mixtures thereof to produce a powder of the non-metal 
or metal or alloy thereof and a halide of the alkali or 
alkaline earth metal, wherein the reduction of the halide to 
the metal or non-metal is exothermic, separating the powder 
from the alkali metal halide or the alkaline earth metal 
halide, separating the alkali metal halide or the alkaline 
earth metal halide into its constituent parts, cooling and 
recycling the alkali metal or the alkaline earth metal to 
react with additional halide vapor. 

13. The method of claim 12, wherein the halide has 
a boiling point less than 400*'C. 

14. The method of claim 13, wherein the halide 
vapor flows through an inner nozzle of concentric inner and 
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outer nozzles with the liquid alkali or alkaline earth metal 
flowing through the annulus formed by said inner and outer 
nozzles, the vapor flow being sonic. 

15. The method of claim 14, wherein the halide 
vapor is one or more of TiCl4, VCI4, NbClg, MoCl,, GaCla, UFg, 
ReFg. 

16. The method of claim 12, wherein the halide is 
one or more of Br and CI. 

17. A method of producing an elemental material or 
alloys thereof selected from the class consisting of Ti, Al, 
Sb, Be, B, Ga, Mo, Nb, Ta, Zr, and V from a vapor halide of 
the elemental material or mixtures of the elemental materials 
comprising introducing the vapor halide or mixtures thereof by 
submerged injection into flowing liquid alkali or alkaline 
earth metal or mixtures thereof at a velocity not less than 
the sonic velocity of the halide vapor, the liquid alkali or 
alkaline earth metal or mixtures thereof being present in a 
quantity effective to convert the halide vapor or mixtures 
thereof to elemental material or an alloy thereof. 

18. A method of producing Ti powder from a source 
of TiCl4 vapor, comprising introducing the TiCl* vapor 
submerged in a flowing stream of liquid Na to produce Ti 
powder and separating the Ti powder from the liquid Na. 

19. A method of continuously producing a non-metal 
or a metal or an alloy thereof comprising, providing a supply 
of halide vapor of the metal or non-metal or mixtures thereof, 
providing a supply of flowing liquid alkali or alkaline earth 
metal or mixtures thereof, introducing the halide vapor 
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submerged in the flowing liquid alkali metal or alkaline earth 
metal or mixtures thereof to produce a powder of the non-metal 
or metal or alloy thereof and a halide of the alkali or 
alkaline earth metal, said alkali or alkaline earth metal 
being present in sufficient quantities in excess of the 
stoichiometric quantity necessary to reduce the halide vapor, 
to quench the alkali metal halide or the alkaline earth metal 
halide below the sintering ten^erature of the non-metal or 
metal or alloy thereof, to recover heat from the excess alkali 
or alkaline earth metal, to separate the alkali metal halide 
or the alkaline earth metal halide into its constituent parts, 
to recycle the alkali metal or the alkaline earth metal and 
recycling the alkali metal or the alkaline earth metal to 
react with additional halide vapor, and to recycle halogen 
vapor to react with ore of the metal or non-metal. 

20. The method of claim 1, wherein the halide vapor 
or mixtures thereof is submerged in liquid alkali metal or 
liquid alkaline earth metal or mixtures thereof by introducing 
the halide vapor into the liquid through a submerged injector. 

21. The method of claim 20, wherein the injector is 

a nozzle. 

22. The method of claim 12, wherein the reaction 
takes place in equipment suitable therefor and there is an 
excess of the alkaline metal or alkaline earth metal over the 
stoichiometric quantity needed to react with the halide vapor 
such that the temperature of the powder of the non-metal or 
metal or alloy produced is controlled to prevent the powder 
from depositing on the equipment. 
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23. The method of claim 12, wherein the reaction 
takes place in equipment suitable therefor and the temperature 
of the reactants is maintained low enough that the elemental 
metal or alloy reaction products is quenched by contact with 
the alkali metal or alkaline earth metal. 

24. The method of claim 12, and further comprising 
contacting the halide obtained from separating the alkali 
metal halide or alkaline earth metal halide into its 
constituent parts with ore of the elemental metal or alloy. 

25. The method of claim 17, wherein the elemental 
material or alloy is produced in a continuous process. 

26. The method of claim 17, wherein the halide is 
TiCl4, the alkali metal is Na and the temperature of the liquid 
Na away from where the halide vapor is introduced is 
maintained at about SOO'C. 

27. The method of claim 25, wherein the liquid Na 
is present in sufficient excess to quench Ti powder upon 
production thereof to reduce the temperature of the Ti powder 
below the sintering temperature of Ti. 

28. The method of claim 19, wherein the halide is 
the chloride of one or more of Ti or Zr. 

29. The method of claim 28, wherein the alkali or 
alkaline earth metal is Na or Mg. 

30. The method of claim 29, wherein the alkali or 
alkaline earth metal is present as a flowing stream and the 
chloride vapor is introduced by injection thereinto. 

A' 
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31. The method of claim 30, wherein at least some 
of the recovered heat is used for power generation. 

32. The method of claiTn 19, wherein the halide is 
TiCl4 and the alkali or alkaline earth metal is Na. 

33. The method of claim 18, wherein the TiCl4 vapor 
is introduced into the flowing stream of liquid Na by 
injection. 

34. The method of claim 18, wherein the TiCl* vapor 
is introduced at sonic velocity into the flowing Na stream. 

35. The method of claim 18, wherein the flowing 
stream of Na is present in excess over the stoichiometric 
quantity needed to react with the TiCli vapor such that the Ti 
powder produced does not sinter. 

36. A method of producing Ti powder from a source 
of TiCl4 vapor, comprising introducing the TiCl* vapor at a 
velocity not less than the sonic velocity of the vapor 
submerged in liquid Na to product Ti powder and separating the 
Ti powder from the liquid Na. 

37. The method of claim 36 wherein the liquid Na is 
maintained at a ten^erature of about 300°C except where the 
TiCl4 reacts with the liquid Na. 

38. The method of claim 19 wherein the halide vapor 
is introduced at a velocity equal to or greater than the sonic 
velocity of the halide vapor. 
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0 Method for producing a metal from its halide. 



@ A method for producing metal by the reduction 
^of a metal halide by a reducing metal agent capable 
continuously producing homogeneous metal of 
OOhigh purity. In the msthod, particles of the same 
2 metal as (he metal to be produced are charged into 
a reaction vessel and the metal halide and the re- 
OOducing metal agent both in vapour form, are ejected 
^upwards into the reaction vessel from its lower por- 
tion to form a fluidized bed of the metal particles in 
©the vessel. The reducing reaction between the two 
vapours takes place on the surface of the metal 
111 particles at a temperature betow the melting point of 
the metal product and at a pressure t}ek>w a vapour 
pressure of each of the reducing metal agent and 



the metal halide at that temperature, resulting m 
depositing and growing the metal croduct on ;tie 
surface of the particles. 
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METHOD FOR PRODUCING A METAL FROM ITS HAUDE 



The oresent invention relates io a method for 
producing fnetal from a metal haiide. and more 
particularly to a method for the production of a 
metal by the reduction of its metal haiide by a 
reducing metal agent. 

A conventionally known method for producing a 
metal by the reduction of its metal haiide com- 
prises the so-called Kroll process, which is particu- 
larly suitable for the production oi titanium. Unfortu- 
nately, this process has a disadvantage in causing 
the metal product Ibr example, titanium to become 
Hrmty adhered to the side and/or bottom surfaces 
of the reaction vessel as a porous solid product 
during the production. 

Another method known in the art is one in 
which a reaction takes place between titanium tet- 
rachtoride and magnesium on the surface of a 
titanium ribbon to produce titanium by depositing it 
on the surface. This is disclosed in Japanese Pat- 
ent Publication No.3004/1958. Unfortunately, this 
method causes the metal product to deposit on the 
ribbon and also on a frame supporting the ribbon. 

Accordingly, the prior art fails to provide a 
continuous operation for producing titanium be- 
cause of the necessity to remove the deposited 
metal prior to carrying out subsequent steps. For 
this reason, the prior art methods are compelled to 
employ a batch process which causes discontinuity 
and inefficiency in the manufacturing operation. 
Furthermore, solid titanium or the like deposited to 
the inner surface of the reaction vessel is readily 
contaminated by the material of the reaction vessel 
since it is highly reactive at the elevated process 
temperatures, to a degree sufficient to react the 
reactants. resulting, in deterioration in the quality 
and purity of the metal product. 

It is therefore an object of the present invention 
to provide a method (or the production of a metal 
from its metal haiide which is capable of continu- 
ously producing homogeneous metal of high qual- 
ity by reduction of the metal haiide. 

According to the present invention, there is 
provided a method for producing a metal by the 
reduction of its metal haiide using a reducing metal 
agent, characterized by the steps of: charging a 
reaction vessel with particles of the same metal as 
the metal product; injecting a gas upwards into the 
reaction vessel from its lower portion to cause the 
metal particles in the reaction vessel to form a 
fluidized bed of the metal particles: introducing the 
metal haiide and reducing metal agent into the 
reaction vessel; and causing a reducing reaction of 
the metal haiide with the reducing metal agent on 
the surface of the metal particles at a temperature 
below the melting point of the metal product and at 



a pressure below a vapour pressure of each of the 
reducing metal agent and the metal haiide at the 
reaction temperature. 

The metal particles serve as reaction nuclei, 
s This then results in depositing and growing the 
metal product on the surface of the metal particles. 
The metal particles on which the metal product is 
deposited can be continuously tapped out from the 
reaction vessel. 
10 The injected gas may comprise the metal ha- 
iide and the reducing metal agent and is injected in 
vapour form from the lower portion of the reactton 
vessel to cause the metal particles to fluidize. in 
order to form the fluidized bed of the metal par- 
rs tides. Alternatively, the reducing metal agent may 
be fed in liquid form to a reaction zone in the 
reaction vessel while the injected gas comprises 
the metal haiide injected upwards in vapour form 
from the lower portion of the reaction ve'ssel to 
to cause the metal particles to fluidize. in order to 
form the fluidized bed of the metal particles. Alter- 
natively, the injected gas may be an inert gas 
injected upwards from the lower portion of the 
reaction vessel to cause the metal particles to 
25 fluidize in order to form the fluidized bed of the 
metal particles. 

The metal haiide may be titanium chloride, 
zirconium chloride, silicon chloride, tantalum chlo- 
ride or niobium chloride. The reducing agent may 
30 be magnesium or sodium. 

When the metal haiide is titanium tetrachloride 
and the reducing agent is magnesium, the reaction 
may be carried out at a temperature in the range of 
lOOO'C to 1200* C. preferably at about IIOO'C. 
35 The reaction may be carried out at a pressure in 
the range of 20 to SO Torr: preferably SO Torr. 

The invention may be carried into practtee in 
various ways and some embodiments will now be 
described by way of example with reference to the 
JO accompanying drawings in which the single figure 
is a block diagram showing a system for practicing 
a method according to the present invention. 

The following embodiment comprises the re- 
duction of titanium tetrachloride to metal titanium 
45 using magnesium as a reducing agent. 

As shown in the Rgure. titanium tetrachloride 
feedstock is supplied at a predetermined rate from 
a storage tank 1 by means of a metering pump 2 
to an evaporator 3. The titanium tetrachloride is 
so heated to vaporize and Uien superheated in the 
evaporator 3. 

Molten magnesium as a reducing agent is fed 
from a storag vessel 4 to a magnesium purifier 45 
where it is passed through a filter, such as a 
titanium sponge layer so that impurities, such as 
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iron, chromium, nickel and the like and also oxy- 
gen, nitrogen and the like remaining in the magne- 
sium may be satisfactorily removed. The purified 
molten magnesium is then fed to a magnesium 
evaporator 7 by means of a pump S and heated to 
vaporize. 

• During these operations, the titanium tetrachlo- 
ride evaporator 3 and the magnesium evaporator 7 
may be kept substantially at an atmospheric pres- 
sure. 

The titaniurf» tetrachloride and magnesium vap- 
ours are then supplied at a predetermined rate 
through pipes 8 and 9 to a reaction vessel 10 and 
ejected from the bottom of the reactor vessel 10 
through separate injection pipes 8 and 9 into the 
reaction vessel 10. 

The reaction vessel 10 is also supplied with a 
predetermined amount of titanium particles, which 
are to act as reaction nuclei from a hopper 11 
located above the reaction vessel 10. The titanium 
particles are selected from commercially available 
titanium powders, flne titanium particles obtained 
from the production of titanium sponge, titanium 
chips produced from cutting titanium ingot and 
than further powdered. 

The reaction vessel tO Is kept at a temperature 
below the melting point of the metal to be pro- 
duced, and is evacuated to a lower pressure which 
prevents magnesium and magnesium chloride from 
being condensed at the temperature. The tempera- 
ture in the reaction vessel 10 is preferably kept as 
low as possible to facilitate the selection of a 
material for the reaction vessel. However, the inner 
surface of the reaction vessel 10 is desirably kept 
at a temperature as high as possible and at a 
pressure as low as possible for the purpose of 
preventing magnesium and magnesium chloride 
from condensing on the inner surface. Also, in 
order to discharge magnesium chloride as a by- 
product of the reaction in the reaction vessel 10 
and excess magnesium from the reaction system 
to recover them in liquid form in a condenser IS. 
the condenser IS is preferably maintained at a 
higher pressure. In order to meet these contradic- 
tory requirements, the process of the present in- 
vention may be practiced under conditions where 
the temperature and pressure in the reaction vessel 
10 are set at about iiOO'C and about 50 Torr. 
respectively. 

The titanium tetrachloride and magnesium vap- 
ours supplied to the reaction vessel 10 are ejected 
upwards Irom the tomt portion thereof because the 
reaction vessel 10 is maintained at a k}wer pres- 
sure, so that the energy imparted by the vapours 
due to their injection causes the titanium particles 
charged in the reaction vessel 10 to fluidize in the 
reaction vessel 10. 

This Ruidization of ttie titanium particles in the 



reaction vessel iO may also be carried out by 
ijpwardly ejecting an inert gas such as argon Ircm 
•he icwer portion of '.he reaction vessel lO rather 
than 'jsing the energy imparted by 'Jne titanium 

5 tetrac.'^ionae and magnesium /aoours. to iorm a 
fluidized bed of the titanium particles m the reac- 
tion vessel. In this case, the titanium tetrachloride 
and magnesium vapours may be eiected into the 
lluidizsd tsed of the titanium oarticles. and then the 

10 magnesium somewhat in excess as compared to 
the stcichiometnc amount may be SLppiied to the 
reaction vessel 10 in order to complete ttie reaction 
of the titanium tetrachloride and magnesium. 

iniection of the titanium tetrachloride and mag- 

IS nesium vapours into the fluidized bed of the 
titanium particles in the reaction vessel 10 causes 
the intensive exothermic reaction between the two 
vapours. As a result, the magnesium reduces the 
titanium teu-achioride on the surface of the titanium 

20 particles which form the fluidized bed and whk:h 
serve as reaction nuclei, according to the following 
reaction: 

riCU(gas) ♦ 2Mg(gas) - Ti(solid) +2fvlgClj- 
(gas) 

25 The titanium thus produced due to the reaction - 
on Uie surface of the titanium particles deposited 
on the surface of the titanium particles, so that the 
titanium particles gradually increase in diameter 
and weight in the fluidized state in the reaction 

30 vessel lO. 

The temperature of the reaction zone in the 
reaction vessel is kept below the melting point of 
the metal product, and its pressure is kept below 
the vapour pressure of both magnesium and mag- 

35 nesium chloride at that temperature. This causes 
the titanium tetrachloride and magnesium to react 
in the vapour phase to produce the titanium depos- 
iting cn the surface of the titanium particles while it 
is growing. At the same time, the magnesium chlo- 

40 ride, as a by-product of the reaction, and the un- 
reacted magnesium are discharged m a mixed gas 
from the reaction system without condensing in the 
reaction zone. 

Carrying out the present invention under con- 

'5 ditions in which the reaction zone is set at a 
temperature of I lOO' C and a pressure of 50 Torr 
causes the magnesium to be maintained in the 
vapour state in the reaction zone, since the vapour 
pressures of magnesium chloride and magnesium 

so at this temperature are 86 Torr and 736 Torr, 
respectively. They are therefore oischarged from 
the reaction zone without condensing to a subse- 
quent cooiing zone in which they are liquified or 
solidified for recovery. 

55 The reducing reaction develops on the surface 
of the titanium particles to which the reaction prod- 
uct deposits, and promotes successive deposition 
and growth of the titanium. When the diameter of 
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the titanium particles has increased to from twice 
to four times their initial diameter, the titanium 
particles are crawn out from the fluidized bed in 
the reaction vessel »0 continuously through a lap- 
ping port 12 to a cooler J 3. in which the particles 
are water-cooled to a room temperature. The cool- 
ed titanium particles are removed via a valve, such 
as. for example, a rocker valve and charged to a 
screen classifier 14, which classifies the metal par- 
ticles into a fine particle group with a diameter of 
O.Smm or less and a coarse particle group with a 
greater diameter. The coarse particle group is the 
product and the fine particle group Is returned to 
the reaction vessel 10 via the hopper 11 for use as 
reaction nuclei. 

The vapour mixture of magnesium chloride by- 
product and excess magnesium discharged from 
the reaction vessel 10 is directed to a condenser 
15 where it is condensed to a liquid. The liquified 
magnesium chloride and magnesium are then col- 
lected through a "vacuum leg" into a liquid separa- 
tor 16, that are separated from each other due to 
the difference in their densities. The separated 
magnesium is returned to the reaction vessel 10 for 
reaction and separated magnesium chloride Is re- 
covered and fed to electrolytic cells (not shown). 

In the Figure, reference numeral 17 designates 
a vacuum pump for reducing the pressure in the 
apparatus. 

In a reaction system constructed as described 
above, vapours of titanium tetrachloride and mag- 
nesium are ejected into a reaction vessel main- 
tained at a reduced pressure, and form a fluidized 
bed therein, so that the reducing reaction between 
thern takes place on the surface of the titanium 
particles which act as nuclei for producing titanium. 
Accordingly, the titanium deposits and grows on 
the surface of the titanium particles without depos- 
iting on the wall of the reaction vessel, which is 
free from any contamination by the material of the 
wall of the reaction vessel. Also, in the present 
invention, the titanium particles which are used as 
reaction nuclei inherently have a larger specific 
surface area. This results in a significant increase 
in the efficiency of the reaction. Furthermore, in the 
present invention, the reaction zone is kept at a 
lower pressure. Accordingly, excess magnesium 
and any magnesium chloride by-product which 
might othenwise remain in fine internal voides of 
the titanium particles are subjected to vacuum dis- 
tillation while the titanium particles are fluidized in 
the reaction vessel, resulting in the production of 
metal particles of high purity which are substan- 
tially free from magnesium and magnesium chlo- 
ride. 

The above process has been described in con- 
nection with the production of metal titanium, how- 
ever, it is to be understood that the present inven- 



tion is also applicable to the production or manu- 
facture of zirconium, silicon, tantalum, niobium and 
the like. Also, in the present invention, sodium may 
be used as a reducing metai agent. 

The present invention will now be illustrated 
with reference to the following non-limiting exam- 
ples. 



10 gxampte i 

A reaction vessel of 20cm inner diameter and 
lined with titanium was charged with 12kg of 
titanium particles have a diameter of about 0.2 to 

IS 2mm, a surface area of about 12.6 x 10~' to 12.6 x 
10-* m* and a weight of about 18.8 x lO"* to 18.8 
X 10-* kg. The reaction vessel was subjected to. 
external heating and kept at a temperature of 
iiOO'C while the pressure in the reaction vessel 

20 was reduced to 50 Torr by a vacuum pump. 

Titanium tetrachloride vapour superheated to 
372' C and magnesium vapour heated to 1120*C 
were separately ejected from individual injection 
ports to the lower portion of the reaction vessel at 

25 feed rates of 7980g/hr and 2539.2g/hr, respectively, 
so as to fluidize the titanium particles In the reac- 
tion vessel. 

Injection of the titanium tetrachloride and mag- 
nesium into the reaction vessel in this way resulted 

JO in a simultaneous reaction, which in turn resulted in 
the temperature in the reaction vessel tending to 
rise. In order to maintain the reaction vessel at a 
desirable temperature, the external heating was 
controlled to keep the temperature at 1100' C. 

35 After the reaction had been taking place for 
one hour, metal particles of 2012g were drawn out 
from a tapping port. A residue of magnesium ad- 
ded in excess amount of 20% and magnesium 
chloride were cooled in a condenser and then 

«) separated by a liquid separator. As a result, mag- 
nesium chloride of 8465. 8g was recovered in liquid 

The metal particles thus produced were formed 
of titanium deposited and grown on the surface of 

45 the titanium particles serving as reaction nuclei, 
and were substantially free from contamination by 
the material of the reaction vessel wall. Also, no 
magnesium chloride nor any of the excess magne- 
sium remained in the iine Internal voids of the 

50 metal particles. Thus, the metal product was very 
pure. 



A reaction vessel of 30cm inner diameter and 
lined with titanium was charged with 30kg of 
titanium particles used in the Example i ■ The reac- 
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'Jon vessel was heated by an external heater and 
kept at a temperature of noo'C while the pres- 
sure in the reaction vessel was reducec to SO Torr 
by means of an automatic oressure controller. 

Titanium tetrachloride and magnesium vapouis 
■••/ere separately ejected from Individual injection 
ports to the lower portion oi the reaction vessel at 
feed rates of I7.95kg/hr and 5.7kg/hr. respectively, 
so as to fluidizs the titanium particles in the reac- 
tion vessel. 

Injection of the titanium tetrachloride and mag- 
nesium into the reaction vessel in this way resulted 
in a simultaneous reaction, which in turn resulted in 
the temperature in the reaction vessel tending to 
rise. In order to maintain the reaction vessel at a 
desirable temperature, the external heating was 
controlled to keep the temperature at 1100* C. 

After ten minutes, metal particles were started 
to be drawn out from a tapping port at a rate of 
5.43kg/hr. After cooling, the metal particles thus 
produced were subjected to screening, and par- 
ticles of O.Smm or below were returned to the 
fluidized bed from the top of the reaction vessel at 
a rate of 0.9kg/hr. 

A magnesium chloride by-product and an ex- 
cess magnesium, the total amount of which was 
19.0kg/hr, were condensed in a condenser main- 
tained at 777' C and obtained in liquid form 
through a vacuum leg. 

The reaction was continued for five hours. The 
metal particles thus produced were formed of 
titanium deposited and grown on the surface ot the 
titanium particles serving as reaction nuclei, and 
were substantially free from contamination by the 
material of the reaction vessel wall. Also, no mag- 
nesium chloride nor any of the excess magnesium 
remained in the fine internal voids of the metal 
particles. Thus, the metal product was very pure. 



Example 3 

Example i was repeated except ihat the 
titanium tetrachloride and magnesium were injected 
into a reaction vessel in the torm of gas and liquid 
and at feed rates of 8kg/hr and 2.6kg/hr, respec- 

The reaction proceeded in substantially the 
same manner as in Example 1. After two hours, the 
reaction was terminated and titanium particles of 
about 4.0kg were recovered from the reaction ves- 
sel. The particles had a particle size of 0.3 • 2.2mm 
and an average particle diameter of O.Smm. 



Comparative E.xamcie ]_ 



A vaoour cnase reacticn osr.veen titanium tet- 
rachloride and magnesium was conoucted under 

s substantially tJie same conditions as Example I 
sxcept ;hat titanium oarticles were not c^aiqsti into 
a .'eaciion vessel initially. 

It was observeo that a smail amount of titanium 
was produced on the wail of the reaction vessel. 

,0 However, most of the product was discharged to a 
condenser in the form of lower chlorides of titanium 
without forming any metal titanium. 



;5 Claims 

1. A method for producing a metal by the 
reduction of its metal halide using a reducing metal 
agent, characterized by the steps of: charging a 

20 reaction vessel with panicles of the same metal as 
the metal product: injecting a gas upwards into the 
reaction vessel from Its lower portion to cause the 
metal particles in the reaction vessel to form a 
fluidized bed of the metal particles: introducing the 

25 metal halide ana recucing metal agent into the 
reaction vessel: and causing a reaucing reaction of 
the metal halide with the reducing metal agent on 
the surface of the metal panicles at a temperature 
below the melting point of the metal product and at 

30 a pressure below a vapour pressure of each of the 
reducing metal agent and the metal halide at the 
reaction temperature. 

2. A method as claimed in Claim i character- 
ized by continuously tapping the metal product 

3S deposited on the metal particles from the reaction 
vessel. 

3. A method as claimed in Claim 1 or Claim 2. 
characterized in that the iniectea gas comprises 
the metal halide and the reducing metal agent and 

JO is injectea in vapour form from the icwer portion of 
the reaction vessel to cause the metal particles to 
.fluidize. m order to form the fluidized bed of the 
metal particles. 

4. A method as claimed in Claim 1 or Claim 2 
^ Characterized in that the reaucing metal agent is 

fed in liquid form to a reaction zone m the reaction 
vessel while the iniected gas comprises the metal 
halide injected upwards in vapour form from the 
lower portion of the reaction vessel to cause the 
50 metal particles to fluidize, in oroer to form the 
fluidized bed of the metal particles. 

5. A method as claimed in Claim 1 or Claim 2 
characterized in that the injected gas is an inert 
gas injected upwards from the lower portion of the 

is reaction vessel to cause the metal particles to 
fluidize in order to form the fluidized bed of the 
metal particles. 
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S. A method as claimed In any preceding claim 
characterized in that the metal halide is titanium 
;r.ioride. zirconium chloride, silicon chloride, tan- 
:£:um chloride or niobium chloride. 

7. A method as claimed in any preceding claim s 
characterized in that the reducing metal agent is 
magnesium or sodium. 

3. A method as claimed in any preceding claim 
characterized in that the reaction is carried out at a 
ismperature of iiOO'C and a pressure of 20 • SO 'O 
Torr. 
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@ Method for producing metallic titanium and apparatus therefor. 

(g) A method for producing metallic titanium (34) by the 
reduction cf titanium tetrachloride with a reducing metal agent, 
capable of continuously producing metallic titanium on an 
industrial scale. The temperature and pressure of the reaction 
zone (12) are kept above the melting point of metallto titanium 
and at least above the vapour pressure of the reducing metal 
agent, respectiveiy. so that the reducing metal agent and its 
chloride (13) may be kept in a molten slate but without boiling. 
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Description 

METHOD FOR PHODUCING METALLIC TITANIUM AND APPARATUS THEREFOR 

This invention relates to a method for producing metallic titaniurr and an apparatus therefor, and more 
particularly to a method and apparatus for producing metallic titanium from titanium tetrachloride at a reaction 
5 temperature above the melting point of titanium. 

In the known "Kroll" method, metallic titanium is produced by the reduction of titanium tetrachloride by 
metallic magnesium. 

In the Kroll method, the reduction reaction Is generally carried out at a temperature below the melting point 
of metallic titanium while keeping the reduction vessel at normal or reduced pressure to produce spongy 
10 metallic titanium. The spongy metallic titanium product is subjected to vacuum separation or leaching to 
remove any excess metallic magnesium and magnesium chloride (by-product) remaining in the fine internal 
voids of the metallic titanium product and is thus purified. The purified metallic titanium is then catshed and 
formed into a shape suitable for melting. After melting, an ingot of titanium is formed. 

As can be seen, the Kroll method is a batch type process. Accordingly, producing the metallic titanium ingot 
15 accoraing to the Kroll method requires at least four discontinuous or independent steps comprising a 
reduction reaction step, a vacuum separation step, a crushing step and a melting step. 

The Kroll method also has the following disadvantages. 

The spongy metallic titanium which is the reaction product is firmly adhered to a reduction reaction vessel, 
so that much labour and time are required for peeling the adhered reaction product from the vessel. 
20 Another disadvantage is that It is very difficult to remove the heat of reaction from the reaction system 
during the reduction step sufficiently rapidly. 

A further disadvantage is that the titanium is produced at a sufficiently elevated temperature to increase its 
activity. Accordingly, it is readily polluted with the material of the reaction vessel wall. 
Still another disadvantage is that the separation step for purification of the titanium requires much attention 
25 in order to prevent contamination of the titanium with moisture, air and the like. Accordingly, removal of the 
unreacted material and the by-product must be earned out in a vacuum or argon atmosphere. 

For the purpose of reducing metal halide with a reducing metal agent without using the Kroll method other 
methods are proposed In each of which the reduction reaction is carried out at a reaction temperature above 
the melting point of the metal to be produced and the product is continuously removed from the reaction 
30 vessel. The metal product Is then obtained in a molten state or In the form of an Ingot by cooling the molten 
metal product for solidification. 

As an example. Japanese Patent Application Uying-Open Publication No.35733/1981 discloses a method 
for producing metallic titanium which comprises the steps of Introducing titanium chloride and a reducing 
metal agent both in the vapour state into a reaction vessel to react both under conditions so that a liquid 
35 metallic titanium product Is obtained together with the chloride of the reducing metal agent In the form of a 
vapour. The chloride by-product of the reducing metal agent is separated from the titanium product for 
recovery and the metallic titanium product is solidified in a mould kept at a temperature below the melting point 
of the metallic titanium product to obtain an ingot which is removed from the reaction vessel. 
Japanese Patent Publication No.19761/i971 discloses a method for producing metal comprising the steps 
JO of Introducing titanium tetrachloride vapour and a liquid reducing metal agent Into liquid metal in a reaction 
vessel, heating a reaction zone to a temperature above the melting point of titanium to obtain a metallic 
titanium product and a chloride by-product of the reducing metal agent in a molten state under a vapour 
pressure of the reducing metal agent at the relevant temperature, separating the product and by-product from 
each other using the difference in their gravities, and separately removing them from the reaction vessel. 
45 Various similar methods have attempted to solve the problems of the Kroll method by reducing the metal 
halide with the reducing metal agent while keeping the reaction temperature above the melting point of the 
metal product to obtain the molten metallic titanium product. However, while these methods are disclosed in 
the patent literatures, they have not been commercialised on an industrial scale. The reason is believed to be 
that it is very difficult to select a material for the reaction vessel which withstands a sufficiently high 
50 temperature to produce active metal of a high melting point such as titanium, zirconium or the like in the 
reaction vessel and to keep it in a molten state. 

More particularly, for example, the method taught in Japanese Patent Publication No.19761/1971 is to 
reduce titanium tetrachloride with magnesium to produce metallic titanium while keeping the temperature in 
the reaction zone at about 1730°C and the pressure in the reaction vessel at about 5 atms corresponding to a 
55 partial pressure of the magnesium chloride by-product at that temperature to produce the metallic titanium 
product and the magnesium chloride by-product in a molten state. Thus, in the method the reaction zone 
temperature Is about 1720°C and its pressure is about 5 atms which Is substantially equal to the vapour 
pressure of the magnesium chloride, produced in liquid form. This results in the magnesium boiling which 
leads to a failure to maintain the magnesium in an amount sufficient to reduce titanium tetrachloride in the 
60 reaction zone fully. This causes the reaction to take place in the presence of insufficient magnesium which 
often produces lower chlorides of titanium such as titanium trichloride, titanium dichloride and the like. 
Also, in this method, the reactants (titanium tetrachloride In the form of a gas and magnesium in the form of 
" a liquid) are supplied through graphite pipes to a molten layer of the reaction product the bottom of the 
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reaction vessel to carry out the reaction in the molten layer. This causes the open end of the graphite pipes to 
be corroded by the active molten titanium product. Also, the molten titanium product contacts each of the 
reactants at a relatively low temperature at the open end of the pipes, solidifying the reactants. and so dogging 
the pipes. Furthermore, since the reaction is a reduction reaction taking place in the molten layer o; titanium, 
the titanium product is contaminated with unreacted reactants. the by-product and the like. Moreover, the lack s 
of magnesium in the reaction zone leads to a decrease in reaction efficiency per a reaction sectional area. 

It Is an object of the present invention to provide a method and apparatus for producing metallic titanium by 
the reduction of titanium tetrachloride by a reducing metal agent which are capable of continuously producing 
metallic titanium at a lower energy cost and on an industrial scale. 

According to one aspect of the invention, there Is provided a method tor producing a metal (e.g. titanium) by to 
the reduction of the product metal (e.g.titanlum) tetrachloride with a reducing metal agent characterised by 
the steps of: maintaining the temperature and pressure in a reaction zone in a reaction vessel above the 
melting point of the product metal (e.g. metatlic titanium) to be produced and above the vapour pressure of the 
reducing metal agent at that temperature: supplying the product metal (e.g.titanium) tetrachloride and the 
reducing metal agent to the reaction vessel to react to produce the product metal (e.g. a metallic titanium) and ts 
a chloride by-product of the reducing metal agent while maintaining the product and the by-product in a 
molten state; separating the product metal (e.g. metallic titanium) and the chloride by-product of the reducing, 
metal agent from each by making use of the differences in their densities: collecting the product metal (e.g. 
metallic titanium) at the bottom of the reaction vessel: and continuously drawing out the product metal (e.g. 
metallic titanium) from the bottom of the reaction vessel. 20 

Preferably, the titanium product is solidified by cooling as it is withdrawn. 

Preferably, a molten bath of chloride of the reducing metal agent and optionally also of the reducing metal 
agent itself is previously formed in the reaction vessel so that the surface of the molten bath constitutes the 
reaction zone and titanium tetrachloride and the reducing metal agent are supplied to the reaction zone. 
Preferably the titanium tetrachloride is supplied in liquid form from the top of the reaction vessel and the 25 
reducing metal agent is supplied either In the same way or is injected into the bath. 

Preferably, the chloride by-product of the reducing metal agent is discharged from the reaction vessel at a 
rata arranged to maintain the position of the reaction zone substantially constant. The method may also 
include the steps of inserting a titanium ingot into the t>ottom of the reaction vessel resulting In the 
coalescence of the separated metallic titanium metal product with the titanium ingot and drawing the metallic ,30 
titanium product out continuously together with the titanium ingot at a rate corresponding to the amount of the 
metallic titanium product being coalesced v«ith the titanium ingot. 

According to another aspect of the invention, there is provided an apparatus for producing metallic titanium 
by the reduction of titanium tetrachloride with a reducing metal agent characterised by: a reaction vessel 
having a reaction zone in which a temperature above the melting point of the titanium product is defined and 35 
which is kept at a pressure sufficient to prevent boiling of the reducing metal agent and its chloride at that 
temperature; a reducing metal agent feed pipe for supplying the reducing metal agent in the form of a liquid 
from the side or the top of the reaction vessel to the reaction zone: a titanium tetrachloride feed pipe for 
supplying titanium tetrachloride from the top of the reaction vessel to the reaction zone: a discharge pipe for 
discharging the chloride by-product of the reducing metal agent from the side of the reaction vessel: heating 40 
means anwged outside the reaction vessel at a position corresponding to the reaction zone and a 
withdrawing section at the bottom of the reaction vessel for continuously drawing out the metallic titanium 
product. 

One preferred embodiment of the invention includes a reaction vessel made of thick titanium plate in which a 
reaction zona is defined and which is kept at a pressure sufficient to prevent boiling of the reducing metal as 
agent and its chloride. A reducing metal agent feed pipe supplies the reducing metal agent In the form of a 
liquid from the side or top of the reaction vessel to the reaction zone, and a titanium tetrachloride feed pipe 
supplies titanium tetrachloride from the top of the reaction vessel to the reaction zone. A discharge pipe for 
discharging a chloride by-product of the reducing metal agent extends from the side of the reaction vessel. 
Heating means are arranged outside the reaction vessel at a position corresponding to the reaction zone for 50 
carrying out electromagnetic induction heating, resistance heating or the like, and a mould section is arranged 
at the bottom of the reaction vessel for solidifying the molten metallic titanium product by cooling and 
continuously drawing out it from the reaction vessel. 

An alternative reaction vessel structure includes a reaction vessel made of metal such as copper or a 
ceramic material such as alumina, zirconia or the like in which a reaction zone is defined and which is kept at a 55 
pressure sufficient to prevent boiling of the reducing metal agent material and its chloride. The reaction vessel 
has a vertically extending hollow shape and is open at the top and bottom. The reaction vessel includes a 
cooling agent circulating path for cooling the inner surface of the reaction vessel and portions of its outer 
periphery at a position corresponding to the reaction zone. The vessel also includes a removal section with 
heating means for heating a molten material whicti cames out electromagnetic induction heating, resistance 60 
heating or the like. 

In the present invention, a suitable reaction vessel provided with the heating means may comprise a 
crucible, as disclosed in U.S. Patent No.3,755,091 which is adapted to melt titanium chips, titanium sponge or 
the like for preparing a titanium ingot and Is used in an evacuated inert atmosphere. Such a crucible may be 
incorporated in a pressure vessel for use as the reaction vessel in the present invention which includes the 65 
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reaction zone for reducing titanium tetracliloride and tlie mould section for solidifying the metaHIc titanium 
product by cooling and continuously removing it tfierefrom. 

The present inventors have conducted the following reaction test in order to evaluate the reaction efficiency 
for reducing titanium tetrachloride with metallic magnesium according to the present invention. 

REACTION TEST 

A pressure in the reaction vessel was kept at 50 atms. The reaction vessel was charged with S^Sg metallic 
magnesium, which was heated to 1 350°C by electromagnetic induction heating or resistance heating to form a 
10 molten magnesium bath in the reaction vessel. Immediately after the heating, 1340g liquid titanium 
tetrachloride was fed to the molten magnesium for 50 seconds at a feed rate of 1608g/min. 

The temperature of the bath reached the melting point of titanium in 15 seconds after the beginning of the 
addition of titanium tetrachloride, thereby producing liquid titanium. The yield of titanium was 99% and the 
reaction efficiency per unit sectional area of the reaction vessel was 62.7 kmol/hr m*. For comparison, the Krott 
ts method was carried out and was found to give a reaction efficiency per unit sectional area of a reaction vessel 
of 1.3 kmol/hr m^. 

The efficiency of reaction between titanium tetrachloride and metallic magnesium in the gas phase is 
calculated in an article entitled "Gas Phase Reaction Test Report' by Professor Takeuchi of Tohoku University. 
Journal of Japan institute of Metals, 23. pp625-637 (1965). as foBows: 
20 In the reaction test, the volume of a titanium ribbon tor groviring titanium on was 0.057m3 and the deposition 
rate of titanium on to the titanium ribbon wras 3.45kg/hr (72mol/hr). Accordingly, its volume efficiency is 
72/0.057 = l263mol/hr m^ and its reacUon effteiency per area is 1.263kmol/hr m*. 

It may not be strictly fair simply to compare the reaction efficiency of the present invention to the reaction 
efficiency calculated in this way because reaction conditions such as temperature, a feed rate of feedstocks 
25 and the like were set differently. However, it will be noted that the reactton between the titanium tetrachloride 
and metallic magnesium in the present invention exhibits a reaction efficiency at least 49.6 (62.7/1.263) times 
that of the above described gas phase reaction and 48.2 {62.7/1 .3) times as much as that of the Kroll process. 
The fact that the present invention exhibits such a higher reaction efficiency is believed to be due to the liquid 
metallic magnesium and liquid titanium tetrachloride being supplied to the reaction zone kept there at a high 
30 temperature and a high pressure: 

The temperature of the reaction zone is set above the melting point of titanium. In order to precipitate stably 
the metallic titanium product onto the bottom of the reaction vessel while keeping it in a molten state, it is 
desirable to keep the reaction vessel at a temperature which is about 100-200C° higher than the melting point 
of titanium and to keep the pressure of the reaction zone at least above the vapour pressure of the reducing 
35 metal agent at the reaction temperature and preferably above the sum of the vapour pressures of the reducing 
metal agent and its chloride. 

More preferably, when titanium (melting point of 1670''C) is to be produced using titanium tetrachloride as 
the feedstock and magnesium as the reducing metal agent, the bath in the reaction vessel is kept at a 
temperature of at least 1670°C and more preferably 1827°C, and at a pressure above 42.6 atms. 
40 corresponding to the partial pressure of magnesium and more preferably above 48.6 atms corresponding^ to 
the total sum of the partial pressure of magnesium (42.6 

For reduction of titanium tetrachloride, the reducing metal agent may be used In a stoichiometric amount. 
However, in order to carry out the reduction fully, it is desirable' to use a predetermined excess of the reducing 
metal agent in the reaction zone to inhibit the production of lower titanium chlorides. 
45 The invention may be carried into practice in various ways and some embodiments will now be described by 
way of example with reference to the accompanying drawings, in which : 

Figure 1 is a vertical section through a first embodiment according to the present inventton; 
Figure 2 is a view similar to Figure 1 showing a second embodiment; and 

Figure 3 is a partially cutaway perspective view generally showing an example of a reaction vessel 
50 incorporated in the apparatus shown in Figure 2. 

In the present invention, titanium tetrachloride and a reducing metal agent are supplied in liquid form to a 
reaction zone for reaction. Magnesium or sodium may be used as the reducing metal agent. 

The apparatus shown in Figure 1 includes a reaction vessel structure A which also serves as a pressure 
vessel. The reaction vessel structure A includes an outer shell or outer wall 1 made of a steel plate, an inner 
55 wall made of titanium serving as a reaction vessel 3 and a heat insulating material 2 between the outer shell 1 
and the reaction vessel 3. 

An inert gas (e.g. argon) is introduced to the reaction vessel 3 from a pressure adjusting pipe 4 through a 
valve 5, so that the interior of the reaction vessel 3 is set and kept at a pressure sufficient to prevent 
substantially any boiling of the magnesium and vessel 3 is set and kept at a pressure sufficient to prevent 
60 substantially any boiling of the magnesium and magnesium chloride, even when the temperature in a reaction 
zone defined in the reaction vessel 3 rises above the melting point of titanium. For example, the reaction 
vessel 3 is kept at a pressure of about 50 atms when the temperature of the bath in the reaction vessel 3 is 
1827''C. When the pressure in the reaction vessel 3 is above or below the set value, an automatic pressure 
adjusting valve (not shown) is operated to keep the pressure at the set value automatically. 
-65 Liquid magnesium for use as the reducing metal agent is supplied to the reaction zone through a reducing 
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metal agent feed pipe 6 extending tlirough the side wall of the reaction vessel structure A and Into the reaction 
vessel 3. Similarly, liquid titanium tetrachloride is supplied to the reaction zone through a titanium tetrachloride 
feed pipe 7 extending through the top of the reaction vessel structure A and into the vessel 3. 

The reaction vessel 3 is provided at an intermediate part of its ouier periphery (in a vertical direction) 
surrounding the reaction zone with a heater or heating means 8 adapted to carry cut electromagnetic 5 
induction heating, resistance heating or the like to adjust the temperature of the reaction 2one in the reaction 
vessel 3 to a level above 1670° C, corresponding to the melting point of titanium. A discharge tube 9 is 
; connected to the reaction vessel 3 adjacent to the heating means 8. for discharging magnesium chloride 

by-product formed by the reduction reaction. 
I A mould section 10 tor solidifying the molten metallic titanium product is connected at the bottom of the 10 

1 reaction vessel, for cooling and drawing out the titanium product. 

The production of metallic titanium using the apparatus shovim in in Figure 1 will now be described. 
Firstly, a titanium Ingot 1 1 is inserted in the mould sectiori 1 0 to close the bottom of the reaction vessel 3 and 
I then magnesium and magnesium chloride are charged in small amounts into the reaction vessel 3. The 

j atmosphere in the reaction vessel 3 is replaced with argon gas and then the heater 8 is operated to melt the is 

magnesium and magnesium chloride, resulting in a molten bath of magnesium and magnesium chloride being 
formed in the reaction vessel 3. The molten magnesium 12 floats above the magnesium chloride due to the 
difference in their densities, so that It may remain separate from the magnesium chloride. 

Subsequently, more argon gas in introduced into the reaction vessel 3 to increase the pressure. Then, liquid 
titanium tetrachloride is fed to the surface of the molten magnesium 12 through the titanium tetrachloride feed 20 
pipe 7 connected to the top of the reaction vessel 3. Uquid magnesium is supplied to the molten magnesium 
chloride through the magnesium feed pipe 6 connected to the side of the reaction vessel 3. Alternatively, the 
magnesium feed pipe 6 may be connected to the top of the reaction vessel 3 so that both the titanium 
tetrachloride and the magnesium may be supplied in liquid form from the top of the reaction vessel 3 to the 
i reaction zone (as in the apparatus of Figure 2 described hereinafter). 25 

Titanium tetrachloride supplied to the surface of the molten magnesium layer of the bath reacts as a liquid 
with the liquid magnesium to produce titanium 14 and magnesium chloride 13. Alternatively, it may react as a 
vapour with magnesium vapour vapourised from the molten magnesium phase of the bath or Indeed with liquid 
magnesium. 

The heat of reaction and the effect of the heater 3 cause the temperature of the molten bath in the reaction 30 ' 
vessel 3 to rise above the melting point of titanium. However, the reaction vessel 3 is kept at a pressure above, 
the vapour pressure of magnesium at that temperature, so the titanium product 14, the magnesium chloride, 
by-product 13 and the magnesium 12 are all kept in a liquid state. Also, the molten bath is vertically separated 
into three layers, namely magnesium 12, magnesium chloride 13 and titanium 14, in that order, due to the 
differences in their densities. 35 

The molten metallic titanium product 14 precipitates and sinks through the molten magnesium layer and the 
molten magnesium chloride layer to the bottom of the reaction vessel 3 and reaches the top of the titanium 
ingot 1 1 to coalesce with it as it is produced. Correspondingly, the titanium ingot 1 1 is continuously drawn out 
at a suitable rate, during which the titanium is solidified by cooling. 

The magnesium chloride by-product 13 is discharged through the discharge pipe 9 connected to the side of 40 
the reaction vessel 3 at a discharge rate which is adjusted so that the molten bath in the reaction zone Is kept 
constant in depth. The titanium ingot 11 is drawn out at a rate corresponding to the amount of titanium 
precipitated on the titanium ingot (or the precipitation rate of the titanium) by means of rollers (not shown).^ 
Accordingly, the position of the molten titanium product above the titanium ingot 1 1 is kept substantially" 
constant. 45 

The apparatus shown in Figures 2 and 3 is constructed in substantially the same manner as that of Figure 1 
except for the construction of the reaction vessel 3, the arrangement of the reducing material feed pipe 6 and 
the construction of the heater or heating means 8. 

More particularly, the reaction vessel 3 Is formed as a vertically extending cylindrical shape, the top and 
bottom of which are open and is divided into two or more segments 32 by means of vertical slits 31 in the wall 50 
of the reaction vessel 3. In the illustrated embodiment, it is divided into twelve segments 32. Each of the 
segments 32 is formed of a material of good thermal conductivity for example, a metal such as copper or the 
like. The slits 31 are filled with an electrically insulating and heat resistant material to insulate the segments 32 
from one another electrically. The segments 32 are each provided with an internal cooling pipe 33 for supplying 
a cooling agent through them to cool the wall of the reaction vessel 3 defining the reaction zone therein. The 55 
cooling pipes 33 are connected to one another and between a cooling agent inlet 34 and a cooling agent outlet 
35 to form a path for circulating a cooling agent. 

An upwardly extending duct 15 is connected to the open top end of the reaction vessel, the upper end of 
which is connected to the exterior through a cylinder section 16 and in which the reducing agent feed pipe 6 is 
located. The titanium tetrachloride feed pipe 7 is positioned within the upper portion of the reaction duct 15. 60 
Thus, liquid magnesium and liquid titanium tetrachloride are supplied through the feed pipes 6 and 7 to the 
reaction zone. The reaction vessel 3 is provkted at a bottom thereof with a mould section 19. through which a 
titanium ingot 1 1 is inserted into the reaction vessel 3. 

The reaction vessel 3 constituted by the segments 32 has at its upper part on the outer periphery at a 
position corresponding to the reaction zone in the reaction vessel 3. an upper electromagnetic induction 65 
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heating coil 8a for raising a temperature of the reaction zone above the melting point of titanium (or 1670°C). 
On its lower part, the vessel 3 has a lower electromagnetic induction heating coil 8b for melting the top of the 
titanium Ingot 1 1 and the magnesium chloride adjacent the top to keep the top of the ingot constantly in a 
molten state during the reaction. Thus, in the illustrated embodiment, the heating means 8 comprises the 

5 upper and lower electromagnetic induction heating coils 8a and 8b. 

As described above, the embodiment of Figures 2 and 3 is so constructed that the reaction vessel 3 is 
divided into a plurality of the cooled segments 32 and the segments 32 are electrically insulated from one 
another by the slits 31 . Such a construction substantially prevents the generation of eddy curre.its in each 
segment 32 due to electromagnetic induction heating, thereby permitting the molten materials in the reaction 

W zone of the i-eaction vessel 3 and the top of the titanium ingot to be subjected to induction heating without 
heating the segments 32. The apparatus includes a discharge pipe 9 for discharging the magnesium chloride 
by-product which is connected to a substantially central portion of a side of the reaction vessel, in this case 
between the upper and lower heating coils 8a and 8b. 
In the illustrated embodiment, the reaction vessel 3 is made of a metal agent in view of economic efficiency 

rs and maintenance. However, it may be formed of a ceramic material such as alumina, zirconia or the like. In such 
a case, it would not be necessary to divide the reaction vessel 3 into segments. 

The operation of the apparatus shown in Figures 2 and 3 will now be described. Basically, operation of the 
apparatus of Figures 2 and 3 is similar to that of Figure 1. 
First, a titanium ingot t1 is inserted into the mould section 10 to close the bottom of the reaction vessel 3 

20 and then magnesium and magnesium chloride are charged in small amounts into the reaction vessel 3. Then, 
the atmosphere in the reaction vessel 3 is replaced with argon gas and the lower magnetic induction heating 
coil 8b is operated to melt the top of the titanium ingot 1 1 while the upper magnetic induction heating coil 8a is 
operated to melt the magnesium and magnesium chloride charged into the reaction zone, resulting in a molten 
bath of magnesium and magnesium chloride being formed In the reaction vessel 3. Molten magnesium 12 

25 collects and floats above the magnesium chloride due to the difference in their densities and the magnetic field 
by electromagnetic induction, so that it remains separate from the magnesium chloride. Part of the molten 
magnesium chloride flows into the gap between the titanium into 1 1 and the inner surface of the reaction 
vessel 3 where it solidifies by cooling, to give pressure sealing and electrical insulation actions. 
Subsequently, more argon gas is introduced into the reaction vessel 3 to increase the pressure, and liquid 

30 magnesium and titanium tetrachloride are fed through the magnesium feed pipe 6 and the titanium 
tetrachloride feed pipe 7 connected to the top of the reaction vessel 3 to the surface of the molten magnesium 
12, forming an upper layer of the molten bath or the reaction zone. Alternatively, the magnesium feed pipe 6 
may be connected to the side of the reaction vessel 3 as in the apparatus of Figure 1. 
Titanium tetrachloride in the reaction zone or at the surface of the molten magnesium layer of the molten 

35 bath reacts in liquid form with the liquid magnesium to produce titanium 14 and magnesium chloride 13. 
Alternatively, it may react as vapour with magnesium vapour vapourised from the molten magnesium layer or 
with liquid magnesium. 

The heat of reaction and the effect of the heater 8 cause the temperature of the molten bath In the reaction 
vessel 3 to rise above the melting point of titanium. However, the reaction vessel 3 is kept at a pressure above 
40 a vapour pressure of magnesium at that temperature, so that the titanium product 14, the magnesium chloride 
by-product 13 and the magnesium 12 are all kept in a liquid state. Also, the molten bath is vertically separated 
into three layers, namely, magnesium 12, magnesium chloride 13 and titanium 14, in that order, due to the 
differences in their densities. 
The molten metallic titanium product 14 precipitates and sinks through the molten magnesium layer and the 
45 molten magnesium chloride layer to the bottom of the reaction vessel 3 and reaches the top of the titanium 
ingot 11. where it remains in the molten state and Is subjected to stirring and mixing by the lower 
electromagnetic induction heating coil 8b. This results in the molten titanium product 14 being homogeneous. 

The titanium product 14 coalesces with the top of the titanium ingot 11 and the titanium ingot 11 is 
continuously drawn out at a suitable rate, during which the product is cooled and solidified by the cooling 
50 agent circulated in the cooling pipes 33 of the segments 32. 

The magnesium chloride by-product 13 is discharged through the discharge pipe 9 connected to the side of 
the reaction vessel 3 at a discharge rate which Is adjusted so that the molten bath at the reaction zone Is kept 
at a constant level. At this time, a part of the magnesium chloride flows into the gap between the titanium ingot 
11 and the wall of the reaction vessel and solidifies there to form an insulating layer which serves to prevent 
55 contact between the Ingot 1 1 and the reaction vessel. The insulating layer exhibits heat insulating and pressure 
sealing actions. The Insulating layer may be partially broken by mechanical friction wtien the titanium Ingot 1 1 is 
downwardly drawn out, however, when this happens, the magnesium chloride rapidly flows from the molten 
magnesium chloride phase Into the broken portion of the insulatirtg layer and solidifies to re-form an insulating 
layer. Also, the molten titanium is heated by the lower electromagnetic induction heating coll 8b and tends to 
60 levitate at its central portion. Accordingly, magnesium chloride readily flows into the gap between the wall of 
the reaction vessel and the titanium ingot 1 1 to facilitate formation of the additional insulating layer. 

The titanium ingot 1 1 is drawn out at a rate corresponding to the amount of titanium precipitated on the 
titanium ingot by precipitation by means of rollers (not shown). Accordingly, the position of the molten titanium 
product above the titanium ingot 11 is kept substantially constant. A part of heat of reaction in the reaction 
-65 vessel is removed upwards from the reaction vessel 3 by radiation and convention, however, a large part of the 
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heat is removed outwardly by the cooling agent circulated In the circulation pipes 33 at the segments 32 
constituting the reaction vessel 3. 

Accordingly, the present invention is carried out under conditions where the temperaturs cl me reaction 
zone is Kept above the melting point of the metallic titanium product and its pressure is kep; a: ^east at the 
vapour pressure of the reducing metal agent at that temperature, so that boiling of the reducing meial agent 
and its chloride may be substantially prevented to keep them in a liquid state in the reaction vessel, resulting m 
the reduction being carried out efficiently. 

The present invention also allows the metallic titanium to be produced in the form of a liquid if preferred. The 
separation of the metallic titanium product and the chloride by-product of the reducing metal agent is simple, 
as is the recovery of the by-product, and the titanium ingot may be directly removed, enabling the whole 
production apparatus to be small-sized. 

Furthermore, the present invention permits production of metallic titanium to be continuously carried out. so 
that the separating, crushing and melting steps required in the conventional KroM process may be eliminated, 
leading to a significant decrease in producing costs while providing titanium of the highest quality. 

The aiKJve description has been made in connection with manufacturing titanium. However, the present 
invention can also be applied to production of metals such as zirconium, hafnium, niobium and their alloys, 
silicon, and the lil<e. 

The present invention will now be illustrated with reference to the following non-limiting Examples. 
EXAMPLE 1 



The example was carried out using an apparatus constructed in accordance with Figure 1. 

A reaction vessel having an inner diameter of 20cm was used and a titanium ingot having an inner diameter 
Of 10cm was inserted into the mould section of the reaction vessel to close the bottom. 20kg magnesium 
chloride and 4.6kg magnesium were charged into the reaction vessel, which was then fully closed. 25 

The atmosphere In the reaction vessel was replaced with argon, the magnesium chloride and magnesium 
were heated to 1000'C by electromagnetic Induction heating and the reaction vessel was pressurised to about 
SOatms. 

Immediately after such conditions were established, titanium tetrachloride and liquid magnesium kept at 
800° C were supplied to the reaction vessel at feed rates of 4.0//min (7.0kg/min) and 1.2f/min (1.8kg/mln(. 30- 
respectively. This caused a temperature of the bath to rise rapidly to IBZ/'C. and so the power for the 
electromagnetic induction heating was decreased to keep the temperature at 1827''C± 50°C. 

Subsequently, the ingot was drawn out downwardly at an average velocity of 4.9cm/min. The operation was 
continued for 3 hours, resulting in a titanium ingot being manufactured in an amount of 0.3 tonne. 

The magnesium chloride by-product produced during the operation was continuously disctiarged from the 35 
reaction vessel at the appropriate rate to keep the depth of the bath in the reaction vessel constant. 

The titanium ingot so produced was compared to sponge titanium produced by the Kroll process. It was 
found that the titanium ingot had a high purity and quality as Indicated in Table 1. In vrtiich the figures are in 
wtVo and the balance is titanium in each case. 
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EXAMPLE 2 

This example was carried out using an apparatus constructed in accordance with Figures 2 and 3. 

A reaction vessel Inaving an inner diameter of 20cm was used and a iitanium ingot having an inner diameler 5 
of 19.5cm was inserted into the mould section of the reaction vessel to close the bottom. Then, 20kg 
magnesium chloride and 4.6 kg magnesium were charged into the reaction vessel, which was then fully closed. 

The atmosphere in the reaction vessel was replaced with argon and the top of the titanium ingot and the 
reaction vessel vrare heated by electromagnetic induction heating to heat the magnesiu.-n chloride and 
magnesium In the reaction zone to a temperature of 1000°C. Magnesium chloride melted by the heating flowed 10 
Into the gap between the wall of the reaction vessel and the titanium ingot lo form an insulaiing layer which also 
exhibited a pressure sealing action. 

The reaction vessel was then pressurised lo about SOatms. Immediately after such conditions were attained, 
titanium tetrachloride and liquid magnesium kept at 800*0 were supplied to the reaction vessel at feed rates of 
4.0f/min (7.0kg/min) and 1.2^/min (t.8kg/min), respectively. This caused the temperature of the bath to rise is 
rapidly to 1827<'C, and so the power for the electromagnetic induction heating was decreased to keep the 
temperature of 1827''C± 50° C. 

Subsequently, the ingot was drawn out downwardly at an average velocity of 1 .3cm/min. The operation was 
continued for 2 hours, resulting In titanium ingot being manufactured in an amount of 0.2 tonne. 

The magnesium chtoride by-product produced during the operation was continuously discharged from the 30 
reaction vessel at the appropriate rate to keep the depth of the bath in the reaction vessel constant. 

The titanium Ingot so produced was compared to sponge titanium produced by the Kroll process. It was 
found that the titanium ingot had a high purity and quafity similar to that shown in Table 1. 



Claims 



1. A method for producing titanium by the reduction of titanium tetrachloride with a reducing metal 30 
agent characterised by the steps of: maintaining the temperature and pressure in a reaction zone ( 1 2) in a 
reaction vessel (3) above the melting point of the metallic titanium (14) to be produced and above the 
vapour pressure of the reducing metal agent at that temperature: supplying titanium tetrachloride and the 
reducing metal agent to the reaction vessel (3) to react to produce a metallic titanium product (14) and a 
chloride by-product (13) of the reducing metal agent while maintaining the product and the by-product in 35 
a molten state; separating the metalDc titanium product (14) and the chloride by-product (13) of the 
reducing metal agent from each by making use of the differences in their densities; collecting the metallic 
titanium product (14) at the bottom of the reaction vessel (3): and continuously drawing off the metallic 
titanium product (14) from the bottom of the reaction vessel (3) . 

2. A method as claimed in Claim 1 characterised in that the titanium product ( 1 4) is solidified by cooling 40 
as it is withdrawn. 

3. A method as claimed in Claim 1 characterised in that a molten bath (12) of chloride of the reducing 
metal agent and optionally also of the reducing metal agent is previously formed in the reaction vessel so 
that the surface of the molten bath constitutes the reaction zone and titanium tetrachloride and the 
reducing metal agent are supplied to the reaction zone. 45 

4. A method as claimed in Claim 3, characterised in that the titanium tetrachloride is supplied as a liquid 
from the top of the reaction vessel (3) and the reducing metal agent is supplied either in the same way or 
is injected into the bath (12). 

5. A method as claimed in any preceding claim characterised in that the chloride by-product (13) of the 
reducing metal agent is discharged (9) from the reaction vessel at a rate arranged to maintain the position 50 
of the reaction zone (12) substantially constant. 

6. A method as claimed in any preceding claim characterised by the steps of inserting a titanium ingot 
(11) into the bottom of the reaction vessel (3) resulting in the coalescence of the metallic titanium metal 
product (14) with the titanium ingot (11) and drawing the metallic titanium product (14) out continuously 
together with the titanium ingot ( 1 1 ) at a rate corresponding to the amount of the metallic titanium product 55 
being coalesced with the titanium ingot. 

. 7. A method as claimed in any preceding claim characterised in that the reducing metal agent is 
magnesium or sodium. 

8. A method as claimed In any preceding claim, characterised in that the reaction pressure is above the 

total sum of the vapour pressures of the reducing metal agent and its chloride at the reaction 60 
temperature. 

9. A method for producing a metal by the reduction of a polyhalide of the metal with a reducing metal 
agent characterised by the steps of: maintaining the temperature and pressure in a reaction zone ( 1 2) in a 
reaction vessel (3) above the melting point of the metal (14) to be produced and above the vapour 
pressure of the reducing metal agent at that temperature; supplying the polyhalide of the product metal 65 
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and the reducing metal agent to the reaction vessel (3) to react to produce the product metal (14) and a 
halide by-product (131 of the reducing metal agent while maintaining the product and the by-product in a 
molten state: separating the product metal (14) and the halide by-product (13) of the reducing metal 
agent from each by making use of the differences in their densities; collecting the product m.etal (14) at 
5 the bottom of the reaction vessel (3); and continuously drawing oft the" product metal (14) from the 

bottom of the reaction vessel (3). 

10. An apparatus for producing metallic titanium by the reduction of titanium tetrachloride with a 
reducing metal agent characterised by: a reaction vessel (3) having a reaction zone (12) in wrtiich a 
temperature above a melting point of the Utanium product (14) is defined and which is kept at a pressure 

10 sufficient to prevent boiling of the reducing metal agent and its chloride (13) at that temperature: a 

reducing metal agent feed pipe (6) for supplying the reducing metal agent in the form of a liquid from the 
side or the top of the reaction vessel (3) to the reaction zone: a titanium tetrachloride feed pipe (7) for 
supplying titanium tetrachloride from the top of the reaction vessel (3) to the reaction zone; a discharge 
pipe (9) for discharging the chloride by-product of the reducing metal agent from the side of the reaction 

IS vessel; heating means (8) possitioned outside the reaction vessel (3) at a position corresponding to the 

reaction zone (12) ; and a withdrawal section (10) at the bottom of the reaction vessel (3) for continuously 
drawing out the metallic titanium product (14). 

11. An apparatus as claimed in Claim 10 characterised in that the withdrawal section is a mould section 
(10) at the bottom of the reaction vessel (3) for solidifying the molten metallic titanium product (14) by 

20 cooling as it is continuously drawn out from the reaction vessel (3). 

1 2. An apparatus as claimed in Claim 1 1 characterised by cooling means (33-35) located in the wall of the 
reaction vessel (3) for circulating a cooling agent at least from the reaction zone (12) to the mould section 
(10). 

13. An apparatus as claimed in Claim 11 or Claim 12 characterised by heating means (8) arranged on 
25 portions of the outer periphery of the reaction vessel at positions corresponding to the reaction zone (12) 

and the mould section ( 1 ). 

14. An apparatus as claimed in any of Claims 10 to 13 characterised in tnat the reaction vessel (3) 
comprises a plurality of longitudinal segments (22) separated by slits (31) thereby dividing the reaction 
vessel (3) in its longitudinal direction each of the slits (31) being filled vrtth an electrically insulating and 

30 heat resistant material. 
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(54) Method for preparing an article having dispersoid distributed in a metallic matrix 



(57) An article has a metallic matrix made of its con- 
stituent elements with a dispersoid distributed therein. 
The article Is prepared by furnishing (50) at least one 
nonmetalllc matrix precursor compound. All of the non- 
metallic matrix precursor compounds collectively in- 
clude the constituent elements of the metallic matrix In 
their respective constituent-element proportions. A mix- 
ture of an Initial metallic material and the dispersoid Is 
produced (52). The matrix precursor compounds are 



chemically reduced to produce the Initial metallic mate- 
rial, without melting the initial metallic material, and the 
dispersoid Is distributed in the initial metallic material. 
The mixture of the initial metallic material and the dis- 
persoid is consolidated (54) to produce a consolidated 
article having the dispersoid distributed in the metallic 
matrix comprising the Initial metallic material. The initial 
metallic material, the dispersoid, and the consolidated 
article are not melted during the consolidation. 
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Description 

[0001] This invention relates to the preparation of a 
material In which a dispersold is dispersed through a 
metallic matrix, and more particularly to the preparation s 
of such a material that avoids any melting of the constit- 
uents. 

[0002] Materials having a dispersion of substantially 
inert dispersoids distributed in a metaiiic matrix are 
known. An example is TD-nickel, in which thorium oxide 
dispersold Is distributed through a nickel matrix. The dis- 
persoids improve the mechanical properties of the ma- 
terial by interfering with dislocation movement, particu- 
larly if the dispersoids are closely spaced, and also by 
inhibiting the movement of the grain boundaries of the 
matrix during elevated temperature exposure. 
[0003] There are two primary techniques for produc- 
ing such materials, mechanical alloying and spray form- 
ing. In mechanical alloying, the more widely used of the 
two approaches, the material of the metallic matrix is 
melted and solidified as a powder. One or more types 
of metallic powders are mixed with the dispersold, and 
the mixture Is mechanically deformed In a high-energy 
environment such as a ball mill. In the mechanical de- 
formation, the largely nondefonnable dispersold is in- 
corporated into the defomiable metallic powder(s) by re- 
peated fracturing and cold welding of the metaiiic pow- 
der particles with the dispersion contained at the welded 
interfaces. After the mechanical deformation, the mix- 
ture is consolidated. This approach requires lengthy 
and/or costly ball milling operations whteh can be prone 
to the Introduction of defects Into the mechanically al- 
loyed material. Additionally, many metallic matrix mate- 
rials that are othenwise of Interest cannot be used In me- 
chanical alloying, because they are not sufficiently mal- 
leable to cold weld to the dispersoids in the ball milling. 
The use of mechanical alloying Is therefore limited pri- 
marily to lower-strength, higher-ductility metallic mate- 
rials. 

[0004] in spray fomiing, metallic material is melted 
and sprayed from a spray gun to solidify or partially so- 
lidify in a suitable inert atmosphere prior to being con- 
solidated against a substrate. The dispersold is added 
to the spray of the metallic material as it leaves the spray 
gun and is thereby mixed with the solidified metal. Spray 
fomiing can only be used in specialized circumstances, 
Inasmuch as the process is limited to the use of disper- 
soids that do not react with or melt in the molten metal, 
the process is expensive, and It Is difficult to control the 
size and spacing of the dispersold. The microstructure 
is dominated by the solidification stmcture of the metallic 
material produced at rapid cooling rates. 
[0005] There is a need for an Improved approach to 
the preparation of articles having a metallic matrix with 
dispersoids distributed therein. The required improve- 
ments include reducing the manufacturing time, reduc- 
ing the number of process steps, reducing the sources 
of contamination, and pemiitting the use of higher 



strength matrix materials In combination with fine dis- 
persoids. The present invention fulfills this need, and 
further provides related advantages. 
[0006] The present invention provides a tech nique for 
preparing an article having a metallic alloy matrix with a 
fine dispersold distributed therein. The article is prefer- 
ably prepared without melting of the metal alloy and 
without mechanical defonnation of the metal alloy, prior 
to final consolidation and mechanical forming. The inci- 
dence of defects in the metallic matrix is thereby greatly 
reduced, as compared with mechanical alloying. The 
present approach allows the use of higher-strength me- 
tallk: matrix materials than possible with mechanical al- 
loying, and the use of different dispersoids than are pos- 
sible with prior approaches. There Is less anisotropy In 
the final article, and a fine grain structure can be 
achieved In the final article. The cost of manufacturing 
the article by the present approach is less than with prior 
approaches. 

[0007] An article has a metallic matrix made of its con- 
stituent elements with a dispersold distributed therein. 
The article is prepared by furnishing at least one non- 
metallic matrix precursor compound. All of the nonme- 
tallic matrix precursor compounds collectively include 
the constituent elements of the metaiiic matrix in their 
respective constituent-element proportions. A mixture 
of an initial metallic material and the dispersold is pro- 
duced. The matrix precursor compounds are chemically 
reduced to produce the initial metaiiic material, without 
melting the Initial metallic material, and the dispersold 
is distributed in the initial metallk; material. The mixture 
of the Initial metallic material and the dispersold is con- 
solidated to produce a consolidated article having the 
dispersold distributed in the metaiiic matrix comprising 
the initial metallic material. The initial metallic material, 
the dispersold, and the consolidated article are not melt- 
ed during the consolidation. Preferably, there Is no me- 
chanical deformation The initial metallic material and the 
matrix of the final article may be of any operable con- 
stituents. The present approach is operable, for exam- 
ple, with nickel-base, iron-base, cobalt-base, titanium- 
base, magnesium-base, and aluminum-base materials. 
[0008] The dispersoids may be introduced into and 
mixed with the metallic component in any operable man- 
ner In one prefen-ed approach, the step of producing 
includes the steps of furnishing the dispersoids, and 
mixing the dispersoids with the matrix precursor com- 
pounds prior to or concurrently with the step of chemi- 
cally reducing. In another preferred approach, the step 
of producing Includes the steps of furnishing the disper- 
soids, and mixing the dispersoids with the Initial metallic 
material afterthe step of chemically reducing. In another 
preferred approach, the step of producing includes the 
steps of fumishing a dispersoid-precursor, and mixing 
the dispersold precursor with the matrix precursor com- 
pound priorto or concurrently with the step of chemically 
reducing, and wherein the dispersold precursor chemi- 
cally reacts during the step of chemically reacting to pro- 
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duce the dispersoid. In another preferred approach, an 
element of the dispersoid may be supplied as a precur- 
sor compound to be reduced in a second reduction step 
and then reacted to form the desired dispersoid com- 

[0009] The matrix precursor compounds may be fur- 
nished in any operable physical form. For example, a 
compressed mass of the matrix precursor compounds 
may be furnished. Typically, such a compressed mass 
Is larger in dimensions than the consolidated article. The 
matrix precursor compounds may Instead be furnished 
In an uncompressed, free-flowing form of finely divided 
particles, or a liquid, or a vapor. 
[0010] The chemical reduction may be perfomned by 
any operable approach, such as solid-phase reduction 
or vapor-phase reduction. The chemical reduction may 
produce the Initial metallic material in any operable fomi. 
For example, the step of chemically reducing may pro- 
duce a sponge of the initial metallic material, or particles 
of the 

[0011] The consolidation may be performed by any 
operable approach, such as, for example, hot isostatic 
pressing, forging, pressing and sintering, and contain- 
erized extrusion. After consolidation, the consolidated 
article may be fonned, heat treated, or othenwise final 
processed. 

[001 2] The present approach produces an article that 
has a metallic matrix and dispersoids uniformly distrib- 
uted in the bulk of the metallic matrix, or with a high con- 
centration near the surface if desired. A wide variety of 
metallic materials and dispersoid materials may be 
used. The dispersoids may be, for example, oxides, car- 
bides, nitrides, borides, or sulfides, or combinations of 
the constituent elements, such as carbonitrides, formed 
with the elements of the metallic matrix or with other in- 
tentionally added elements. The dispersoids are select- 
ed to be either themnodynamically stable (non-reduci- 
ble) compared to the matrix al loy, or too chemically Inert 
and stable to be reduced by the process that reduces 
the matrix precursor compounds. The dispersoid is in- 
troduced at a point in the processing where it is stable 
with respect to all subsequent processing steps. The 
metallic matrix is never melted during the preparation 
processing, so that there is little if any chemical reaction 
between the metallic components and the dispersoid. in 
the preferred approach, there is no high-energy or other 
deformation of the metallic material prior to consolida- 
tion, so that there is a greatly reduced incidence of the 
mechanical and heating defects that are associated with 
mechanical alloying. Additionally, because the introduc- 
tion of the dispersoid does not depend upon the me- 
chanical deformation of the matrix material, the present 
approach may be used with a broader range of useful 
metallic alloy systems than possible with mechanical al- 
loying. High-strength alloys that are not amenable to ex- 
tensive mechanical defonnation may be produced with 
a distribution of the dispersoid therein by the present 
approach but not by mechanical alloying. New types of 



dispersoids may also be used. Those dispersoids may 
be added as the dispersoid compound, or in some cases 
may be added as elements or precursor compounds 
that react with the matrix alloy to form the dispersoids. 

5 Alternativefy, the precursor compound may react with 
other components in a separate reaction step. 
[0013] Other features and advantages of the present 
invention will be apparent from the following more de- 
tailed description of the preferred embodiment, taken in 

10 conjunction with the accompanying drawings, which il- 
lustrate, by way of example, the principles of the inven- 
tion, and In which: 

Figure 1 is a perspective view of an article made by 
>5 the present approach; 

Figure 2 is an idealized microstructure of the article 
of Figure 1 ; 

20 Figure 3 is a block flow diagram of a prefen-ed ap- 
proach for practicing the invention; 

Figure 4 is an idealized microstructure of the metal- 
lic article, after some reaction that produces a uni- 
25 form dispersion; 

Figure 5 is an idealized microstructure of the metal- 
lic article, after inward diffusion of a reactant during 
heat treatment or service; and 

30 

Figure 6 Is an idealized microstructure of a conven- 
tional metallic article, after inward diffusion of the 
reactant. 

35 [0014] Figure 1 depicts a component article 20 of a 
gas turbine engine such as a compressor blade 22. The 
compressor blade 22 Is preferably formed of a titanium- 
base alloy having a dispersoid therein, as will be dis- 
cussed in greater detail. The compressor blade 22 in- 

40 dudes an airfoil 24 that acts against the incoming flow 
of air into the gas turbine engine and axially compresses 
the air flow. The compressor blade 22 is mounted to a 
compressor disk (not shown) by a dovetail 26 which ex- 
tends downwardly from the airfoil 24 and engages a slot 

45 on the compressor disk. A platform 28 extends longitu- 
dinally outwardly from the area where the airfoil 24 is 
joined to the dovetail 26. 

[0015] A titanium-base alloy having a dispersoid 
therein Is one preferred application of the present ap- 
50 proach, and it will be used to illustrate specific embodi- 
ments. However, the present approach is not limited to 
titanium-based alloys with dispersoids therein, and is 
applicable to other types of metallic alloys with disper- 
soids therein. 

55 [0016] Figure 2 is an idealized depiction of the micro- 
structure 30 of the article 20. The microstructure 30 in- 
cludes grains 32 of a metallic matrix 34 with grain bound- 
aries 36 separating the grains 32. The metallic matrix 
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comprises its alloy constituent elements. A dispersold 
38 in the form of a plurality of dispersold particles is dis- 
tributed in the metallic matrix 34. The dispersold 38 may 
include grain-boundary dispersold particles 40 that re- 
side along the grain boundaries 36, and interior disper- 5 
sold particles 42 that reside within the grains 32. The 
grain-boundary dispersold particles 40 serve to limit 
grain growth during elevated-temperature exposure, 
and the Interior dispersold particles 42 serve to restrict 
dislocation movement to increase the alloy's strength, 
most specifically the creep resistance. Examples of suit- 
able dispersolds Include, for example, oxides, carbides, 
nitrides, borldes, or sulfides, fonmed with the elements 
of the metallic matrix or with other Intentionally added 
elements. The dispersolds may be simple chemical 
fonns. The dispersolds may Instead be more complex, 
multicomponent compounds such as, for example, car- 
bonitrides or multicomponent oxides such as Y2O3- 
AljOs-based oxides. Such dispersolds include an ele- 
ment (or elements) selected from the group consisting 
of oxygen, carbon, nitrogen, boron, sulfur, and combi- 
nations thereof. The dispersoids are either thermody- 
namically stable (non-reducible) compared to the matrix 
alloy, or too chemically Inert to be reduced by the proc- 
ess that reduces the matrix precursor compounds. The 
dispersold is introduced at a point In the processing 
where it Is stable with respect to all subsequent process- 
ing steps. That is, if a particular type of dispersold is un- 
stable with respectto some earlier processing step, it is 
introduced only after that processing step is 
[0017] The dispersold 38 (including both grain-bound- 
ary dispersold particles 40 and Interior dispersold parti- 
cles 42) may be present in any amount. However, the 
dispersold 38 Is preferably present In an amount suffi- 
cient to provide increased strength to the article 20 by 
inhibiting dislocation movement in the metallic matrix 
34, by acting as a composite-material strengthener, and/ 
or by inhibiting movement of the grain boundaries 36. 
The volumefraction of dispersold 38 requiredto perform 
these functions varies depending upon the nature of the 
matrix 34 and the dispersold 38, but is typically at least 
about 0.5 percent by volume of the article, and more 
preferably at least about 1 .5 percent by volume of the 
article. To achieve these volume fractions, the elements 
that react to form the dispersold 38 must be present in 
a sufficient 

[0018] Figure 3 is a block flow diagram illustrating a 
preferred method for producing the article 20. At least 
one nonmetallic matrix precursor compound is fur- 
nished, step 50. As used herein, thetemi "metallic alloy" 
includes both conventional metallic alloys and interme- 
talllc compounds formed of metallic constituents, such 
as approximately equiatomic TIAI. Relatively small 
amounts of nonmetallic elements, such as boron, car- 
bon, and silicon, may also be present. All of the nonme- 
tallic matrix precursor compounds collectively include 
the constituent elements of the metallic matrix in their 
respective constituent-element proportions. (The dls- 
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persold or its precursor Is supplied separately, as will be 
discussed.) The metallic elements may be supplied by 
the matrix precursor compounds in any operable way. 
In the preferred approach, there is exactly one precursor 
compound for each alloying element, and that one pre- 
cursor compound provides all of the material for that re- 
spective metallic constituent in the alloy. For example, 
for a four-element metallic matrix material that is the fi- 
nal result of the process, a first precursor compound 
supplies all of the first element, a second precursor com- 
pound supplies all of the second element, a third pre- 
cursor compound supplies all of the third element, and 
a fourth precursor compound supplies all of the fourth 
element. Alternatives are within the scope of the ap- 
proach, however. For example, several of the precursor 
compounds may together supply all of one particular 
metallic element. In another alternative, one precursor 
compound may supply all or part of two or more of the 
metallic elements. The latter approaches are less pre- 
ferred, because they make more difficult the precise de- 
tennination of the elemental proportions in the final me- 
tallk: material. 

[001 9] The metallic matrix 34 and its constituent ele- 
ments comprise any operable type of alloy. Examples 
include a nickel-base material, an iron-base material, a 
cobalt-base material, a titanium-base material, a mag- 
nesium-base material, and an aluminum-base material. 
An "X-base" alloy has more of element X than any other 
element. 

[0020] The matrix precursor compounds are nonme- 
tallk: and are selected to be operable In the reduction 
process in which they are reduced to metallic fonn. In 
one reduction process of interest, solid-phase reduc- 
tion, the precursor compounds are preferably metal ox- 
ides. In another reduction process of interest, vapor- 
phase reduction, the precursor compounds are prefer- 
ably metal halldes. IVlixtures of different types of matrix 
precursor compounds may be used, as long as they are 
operable in the subsequent chemical reduction. 
[0021] The nonmetallic precursorcompounds are se- 
lected to provide the necessary alloying elements in the 
final metallic article, and are mixed together in the prop- 
er proportions to yield the necessary proportions of 
these alloying elements In the metallic article. For ex- 
ample, If the final article were to have particular propor- 
tions of titanium, aluminum, vanadium, erbium, and ox- 
ygen in the ratio of 86.5:6:4:3:0.5 by weight, the nonme- 
tallte precursor compounds are preferably titanium ox- 
ide, aluminum oxide, vanadium oxide, and ertslum oxide 
for solid-phase reduction. The final oxygen content is 
controlled by the reduction process as discussed sub- 
sequently. Nonmetallic precursorcompounds that serve 
as a source of more than one of the metals in the final 
metallic article may also be used. These precursor com- 
pounds are furnished and mixed together In the correct 
proportions such that the ratio of titanium:aluminum:va- 
nadium:erblum in the mixture of precursor compounds 
is that required to form the metallic alloy in the final ar- 
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tide. 

[0022] A mixture of an initial metaliic material and the 
dispersoid is produced, step 52. As part of tfie producing 
step 52, the single nonmetallic precursor compound or 
the mixture of nonmetallic precursor compounds Is 
chemically reduced to produce the Initial metallic mate- 
rial, without melting the initial metallic particles. As used 
herein, "without melting", "no melting", and related con- 
cepts mean that the material is not macroscopically or 
grossly melted for an extended period of time, so that it 
liquefies and loses its shape. There may be, for exam- 
ple, some minor amount of localized melting as low- 
melting-point elements melt and are diffusionally al- 
loyed with the higher-melting-point elements that do not 
melt, or very brief melting for less than about 10 sec- 
onds. Even In such cases, the gross shape of the ma- 
terial remains 

[0023] In one preferred reduction approach, termed 
vapor-phase reduction because the nonmetallic precur- 
sor compounds are furnished as vapors or gaseous 
phase, the chemical reduction may be performed by re- 
ducing mixtures of halides of the base metal and the al- 
loying elements using a liquid alkali metal or a liquid al- 
kaline earth metal. For example, titanium tetrachloride 
and the halides of the alloying elements are provided as 
gases. A mixture of these gases in appropriate amounts 
is contacted to molten sodium, so that the metallic hal- 
ides are reduced to the metallic form. The metallic alloy 
is separated from the sodium. This reduction is per- 
formed at temperatures below the melting point of the 
metallic alloy. The approach is described more fully in 
US Patents 5,779,761 and 5,958,106. 
[0024] Reduction at lower temperatures rather than 
higher temperatures is preferred. Desirably, the reduc- 
tion is perfonned at temperatures of eoCC or lower, and 
preferably 500°C or lower. By comparison, prior ap- 
proaches for preparing specific metallic alloys often 
reach temperatures of 900°C or greater. The lower-tem- 
perature reduction is more controllable, and also is less 
subject to the introduction of contamination into the me- 
tallic alloy, which contamination in turn may lead to 
chemical defects. Additionally, the lower temperatures 
reduce the incidence of sintering together of the parti- 
cles during the reduction step. 
[0025] In this vapor-phase reduction approach, a non- 
metallic modifying element or compound presented in a 
gaseous form may be mixed into the gaseous nonme- 
tallic precursor compound prior to its reaction with the 
liquid alkali metal or the liquid alkaline earth metal. In 
one example, oxygen or nitrogen may be mixed with the 
gaseous nonmetallic matrix precursor compound(s) to 
increase the level of oxygen or nitrogen, respectively, in 
the initial metallic material. It is sometimes desirable, for 
example in a titanium-base alloy, that the oxygen con- 
tent of the initial metallic particle and the final metallic 
artcle be about 1200-2000 parts per million by weight 
to strengthen the final metallic artide or to provide oxy- 
gen that is used In fonning the dispersoid. Rather than 



adding the oxygen in the form of solid titanium dioxide 
powder, as is sometimes practiced for titanium-base al- 
loys produced by conventional melting techniques, the 
oxygen is added in a gaseous form that facilitates mixing 

s and minimizes the likelihood of the formation of hard al- 
pha phase in the final artk:le. When the oxygen is added 
in the form of titanium dioxide powder in conventional 
melting practice, agglomerations of the powder may not 
dissolve fully, leaving fine particles in the final metallic 

10 article that constitute chemical defects. The present ap- 
proach avoids that possibility. For other alloy systems, 
lower oxygen, nitrogen, etc. content may also be bene- 
ficial. Similarly, elements such as sulfur and carbon may 
be added using appropriate gaseous compounds of 

IS these elements. Complex combinations of such gase- 
ous elements may be provided and mixed together, 
such as gaseous compounds of oxygen, nitrogen, sul- 
fur, and/orcarbon, leading to the formation of chemically 
more-complex dispersoids. 

20 [0026] In another reduction approach, termed solid- 
phase reduction because the nonmetallic matrix precur- 
sor compounds are furnished as solids, the chemical re- 
duction may be performed by fused salt electrolysis. 
Fused salt electrolysis is a known technique that is de- 

25 scribed, for example, in published patent application 
WO 99/64638. Briefly, in fused salt electrolysis the mix- 
ture of nonmetallic matrix precursor compounds, fur- 
nished in a finely divided solid fonn, is immersed in an 
electrolysis cell in a fused salt electrolyte such as a chlo- 

30 ride salt at a temperatu re below the melting temperatu re 
of the alloy that forms from the nonmetallic matrix pre- 
cursor compounds. The mixture of nonmetallic matrix 
precursor compounds Is made the cathode of the elec- 
trolysis cell, with an inert anode. The elements com- 

35 bined with the metals in the nonmetallic matrix precursor 
compounds, such as oxygen in the preferred case of ox- 
ide nonmetallic matrix precursor compounds, are par- 
tially or completely removed from the mixture by chem- 
ical reduction (i.e., the reverse of chemtoal oxidation). 

40 The reaction is performed at an elevated temperature. 
The cathodic potential is controlled to ensure that the 
reduction of the nonmetallic matrix precursor com- 
pounds will occur, rather than other possible chemical 
reactions such as the decomposition of the molten salt. 

45 The electrolyte is a salt, preferably a salt that is more 
stable than the equivalent salt of the metals being re- 
fined and ideally veiy stable to remove the oxygen or 
other gas to a desired low level. The chlorides and mix- 
tures of chlorides of barium, cateium, cesium, lithium, 

so strontium, and yttrium are preferred. The chemical re- 
duction is preferably, but not necessarily, carried to com- 
pletion, so that the nonmetallic matrix precursor com- 
pounds are completely reduced. Not carrying the proc- 
ess to completion is a method to control the oxygen con- 

55 tent of the metal produced. 

[0027] In another reduction approach, termed "rapid 
plasma quench" reduction, the precursor compound 
such as titanium chloride is dissociated in a plasma arc 
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at a temperature of over 4500°C. The precursor com- 
pound is rapidly heated, dissociated, and quenched in 
hydrogen gas. The result Is fine metallic-hydride parti- 
cles. Any melting of the metallic particles is very brief, 
on the order of 10 seconds or less, and is within the 
scope of "without melting" and the like as used herein. 
The hydrogen is subsequently removed from the metal- 
lic-hydride particles by a vacuum heat treatment. Oxy- 
gen or other gas (e.g., nitrogen) may also be added to 
react with the stable-dispersoid-fomning additive ele- 
ments to forni the stable dispersion. 
[0028] The dispersoid 38 in the forni of the dispensoid 
particles is introduced during the producing step 52. The 
dispersoid 38 may be of any operable type. The disper- 
soid 38 be furnished in its final form, or it may be fur- 
nished as a precursor that is reacted to produce the final 
fonn of the dispersoid. The selection of the dispersoid 
38 is made in conjunction with the type of matrix alloy 
and the requirements of the final article. Some examples 
of the dispersoids may be oxides, carbides, nitrides, bo- 
rides, or sulfides, or combinations thereof, such as car- 
bonitrides, formed with the elements of the metallic ma- 
trix or with other Intentionally added elements. 
[0029] Four approaches for introducing the dispersoid 
38 are of particular interest. In a first approach, the dis- 
persoids are furnished in essentially their final form and 
are mixed with the matrix precursor compounds prior to 
or concurrently with the step of chemically reducing. 
That is, the mixture of matrix precursor compounds and 
dispersoids is given the chemical reduction treatment, 
but only the matrix precursor compounds are actually 
reduced. The dispersoids are selected to be either ther- 
modynamically stable (non-reducible) compared to the 
matrix alloy, or too chemically inert to be reduced by the 
process that reduces the matrix precursor compounds. 
The dispersoid is introduced at a point in the processing 
where it is stable with respectto all subsequent process- 
ing steps. 

[0030] In a second approach, the dispersoids are fur- 
nished but not subjected to the chemical reduction treat- 
ment. I nstead, they are mixed with the initial metallic ma- 
terial that results from the chemical reduction step, but 
after the step of chemically reducing is complete. This 
approach is particularly effective when the step of chem- 
ically reducing is performed on a flowing powder of the 
matrix precursor compounds, but it also may be per- 
formed on a precompacted mass of the matrix precursor 
compounds, resulting in a spongy mass of the initial me- 
tallic material. The dispersoids 38 are received onto the 
surface of the powder or on the surface of, and into the 
porosity of, the spongy mass. 
[0031] in a third approach, a dispersoid-precursor is 
furnished, ratherthan the final precursor. The dispersoid 
precursor is mixed with the matrix precursor compound 
prior to or concurrently with the step of chemically re- 
ducing. The dispersoid precursor chemically reacts with 
another element or elements during the step of chemi- 
cally reacting to produce the dispersoid. For example, 



the dispersoid-precursor could be an oxide former such 
as magnesium, calcium, scandium, thorium, and yt- 
trium, and rare earths such as lanthanum, cerium, pra- 
seodymium, neodymium, promethium, samarium, euro- 

5 pium, gadolinium, terbium, dysprosium, holmium, er- 
bium, thulium, ytterbium, and lutetium, and mixtures 
thereof, which react with excess oxygen during the 
chemical reduction to produce oxide dispersoids. 
[0032] In a fourth approach, the matrix precursor is 

10 first produced as powder particles, or as a sponge by 
compacting the precursor compounds of the metallic el- 
ements. The particles or sponge is then first chemically 
reduced. The dispersoid is thereafter produced at the 
surfaces (external and internal, if the particles are 

IS spongelike) of the particles, or at the external and inter- 
nal surfaces of the sponge. In one approach, the parti- 
cles or sponge is dipped into a solution of a precursor 
compound of the dispersoid, such as an erbium chloride 
solution, to coat the surfaces of the particles or the 

20 sponge. The precursor compound of the dispersoid is 
second chemically reduced to produce the first element 
of the dispersoid, such as erbium, at the surfaces of the 
particles or at the surfaces of the sponge. The element 
of the dispersoid is then chemically reacted (for exam- 

25 pie, oxidized) to produce the dispersoid, erbium oxide 
in the example, distributed over the surfaces of the par- 
ticles or the sponge. Upon the subsequent consolida- 
tion, discrete dispersoids are distributed throughout the 
consolidated and compacted article. In some cases the 

30 oxidation may be perfomied during or integral with the 
consolidation process. The dispersoid may also be bro- 
ken into smaller pieces in the consolidation pmcess and 
distributed further through the metallic matrix. 
[0033] Whateverthe reduction technique used in step 

3s 52 and however the dispersoid is introduced, the result 
is a mixture of an initial metallic material and the disper- 
soid. The initial metallic material may be free-flowing 
particles in some circumstances, or have a sponge-like 
structure in other cases. The sponge-like structure is 

40 produced in the solid-phase reduction approach if the 
matrix precursor compounds havefirstbeen compacted 
together prior the commencement of the actual chemi- 
cal reduction. The matrix precursor compounds may be 
compressed to fonn a compressed mass that is larger 

45 in dimensions than a desired final metallic article. 
[0034] The mixture of the initial metallic material and 
the dispersoid is thereafter or concurrently consolidated 
to produce a consolidated article, step 54, without melt- 
ing the initial metallic material, without melting the dis- 

50 persoid, and without melting the consolidated article. 
The consolidation step 54 may be performed by any op- 
erable technique, with examples being hot isostatic 
pressing, forging, pressing and sintering, and contain- 
erized extrusion. 

55 [0035] It is preferred that there be no mechanical de- 
fonnation of initial metallic material and/or the mixture 
of the initial metallic material and the dispersoid, prior 
to the step of consolidating. Such mechanical defonna- 
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tion is unnecessary with the present approach, uniike 
the mechanical alloying approach. 
[0036] Figure 4 illustrates the microstructure of the 
metallic article 70 having a surface 72 facing the envi- 
ronment 74. The metallic article 70 has a microstmcture 
of an alloy matrix 76 with unreacted stable-dlspersold- 
fomning additive element(s) and/or the dispersoids dis- 
persed generally uniformly therethrough. The stabie- 
dispersoid-fomning additive element(s) may be present 
in solid solution, numeral 78, or as one or more unreact- 
ed discrete phases 80. (If the dispersoids are added In 
thelrflnal form, there will be little or none of the unreact- 
ed element In solid solution 78 orthe unreacted discrete 
phases 80.) Some of the stable-dispersold-forming ad- 
ditive element(s) initially in solid solution may have been 
furnished as, or reacted with oxygen Initially present in 
the matrix 76 to form, a dispersion of fine stable disper- 
soids 82. Some of the stable-dispersold-forming addi- 
tive eiement(s) initially present as unreacted discrete 
phase 80 may have been furnished as, or reacted with 
oxygen Initially present in the matrix 76 to form, a dis- 
persion of coarse stable dispersoids 84. (As used here- 
in, "coarse" and "fine" are used only In a relative sense 
to each other, with "coarse" dispersoids being larger in 
size than "fine" dispersoids. Both the coarse stable dis- 
persoids and the fine stable dispersoids provide 
strengthening effects.) These stable dispersoids 82 and 
84 are distributed substantially un iformly throughout the 
matrix 76. 

[0037] The primary embodiment of the present ap- 
proach Is therefore directed to the fontiatlon of a sub- 
stantially uniform distribution of dispersoids 38 in the 
matrix 34. The uniformity Is microscopically judged 
quantitatively at a depth of more than about 0.003 inch- 
es from the surface, in a square field of about 0.008 inch- 
es on a side. Mean spacings of the particles are meas- 
ured in this field, and compared with values In other 
fields at depths of more than about 0.003 Inches from 
the surface, measured separately but in the same man- 
ner. Desirably, the mean spacings of the particles are 
within about 25 percent, more preferably about 10 per- 
cent, of each other in the different fields. 
[0038] Optionally but typically, there is further 
processing, step 56, of the consolidated article. In this 
processing, the article is not melted. Such further 
processing may include, for example, mechanically 
forming the consolidated article by any operable ap- 
proach, machining the consolidated article by any oper- 
able approach, coating the consolidated article by any 
operable approach, or heat treating the consolidated ar- 
ticle by any operable approach. These steps are select- 
ed according to the type of matrix and dispersoid, the 
shape required, and the application. Such procedures 
are known generally in the art. 
[0039] In addition to the bull<-alloy improvements, 
some near-surface modification of the metallic alloy is 
possible, in some alloy systems and for some disper- 
soids. The result is a non-uniform distribution of disper- 



soids, in the near-surface region. In one type of further 
processing 56 that produces such a non-uniform distri- 
bution of dispersoids, the consolidated metallic article is 
exposed to an oxygen-containing environment at atem- 

5 perature greater than room temperature, and preferably 
greater than about 500° F. If there Is unreacted stable- 
dlspersold-fomiing element 78 or 80 present in the ma- 
terial, the oxygen exposure, leading to the types of non- 
uniform microstructure shown In Figure 5, may be either 

10 during the initial preparation of the metallic article, in a 
controlled production setting, or during later service ex- 
posure at elevated temperature. In any of these cases, 
the oxygen diffuses inwardly from the surface 72 into 
the matrix 76. The inwardly diffused oxygen chemically 

'5 reacts with the stabie-dispersoid-fonning additive eie- 
ment(s) that are present near the surface 72 either in 
solid solution 78 or in discrete phases 80. The result is 
that few if any unreacted stable-dispersoid-forming ad- 
ditive elements in solid solution 78 or in discrete phases 

20 80 remain near the surface 72, and instead are ail re- 
acted to fomn, respectively, additional fine stable disper- 
soids 82 and coarse stable dispersoids 84. Consequent- 
ly, there is a higher concentration of fine stable disper- 
soids 82 In a diffusion-oxidation zone 86 of depth D1 at 

25 and just below the surface 72, as compared with the 
concentration of thefine stable dispersoids 82 at greater 
depths. D1 is typically In the range of from about 0.001 
to about 0.003 Inches for titanium alloys, but may be 
smaller or larger. 

30 [0040] In some circumstances the stable dispersoids 
82 and 84 have a higher specific volume than the stable- 
dispersoid-forming additive elements from which they 
are produced. This higher specific volume creates a 
compressive force, indicated by arrow 90, in the matrix 

35 76 near the surface 72. The compressive force 90 inhib- 
its cracl< formation and growth when the article is loaded 
in tension or torsion during seivice, a highly beneficial 
result. Additionally, depending upon the specific disper- 
soid fonned by the stable-dispersoid-fomning elements, 

40 there may be fomied a stable surface layer 88, that may 
serve as a diffusion barrierto the diffusion of oxygen and 
other elements from the environment 74 into the article 
40. Although this non-uniform dispersoid structure is 
discussed in terms of the most-preferred case, inward 

45 diffusion from the free surface 72 of the dispersion-form- 
ing element oxygen, the same principles apply to inward 
diffusion of other dispersold-fomiing elements such as 
nitrogen, carbon, silicon, sulfur, boron, and other disper- 
sion-forming elements that are combinable with the me- 

so talllc elements in the matrix to forni the dispersoid. The 
dispersion-forming element is preferably supplied from 
a gaseous phase that contains the dispersion-forming 
element in either combined or uncombined form, but it 
may also be provided in some cases from a solid or liq- 

55 uid contacting the free surface 72. 

[0041] This stmcture Is to be distinguished from that 
shown In Figure 6, a conventional titanium alloy article 
100 that Is outside the scope of the present approach. 
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In this case, during exposure to an oxygen-containing 
environment during processing and/or service, oxygen 
diffuses from ttie environment 74, through the surface 
72, and into the base metal of the article 1 00 to a depth 
D2, which is typically from about 0.003 to about 0.005 
inch in titanium alloys. In the instance of certain titanium 
alloys, for example, the excess oxygen reacts with and 
embrittles the alpha-phase titanum in this region to form 
an alpha case 1 02. In the present approach as illustrat- 
ed in Figure 5, on the other hand, the gettering of the 
inwardly diffusing oxygen by the stable-dispersoid-form- 
ing additive elements and the stable surface layer 88 
combined to reduce and, desirably, avoid the formation 
of such an oxygen-stabilized alpha case. 
[0042] The presence and the nature of the distribution 
of the stable dispersoids 82 and 84, in either a unifomi 
or non-unifonn distribution, has several additional im- 
portant consequences. The stable dispersoids 82 and 
84 serve to stiffen the matrix 76 by the composite-stiff- 
ening effect, strengthen the matrix 76 by the dispersion- 
strengthening effect and/or the composite strengthen- 
ing effect, and also improve the elevated-temperature 
creep strength of the matrix 76. The stable dispersoids 
82 and 84 may also pin grain boundaries of the matrix 
76 to inhibit coarsening of the grain structure 
[0043] When the dispersoid precursor approach is 
used and the dispersoid precursor is a preferential ox- 
ygen getter, the dispersoids 38, 82, 84 in the metallic 
matrix 34, 76 also remove oxygen (or other combinabie 
element such as nitrogen, carbon, boron, or sulfur) from 
the matrix 34, 76, regardless of how the oxygen (or other 
combinabie element) was introduced into the matrix 34, 
76. Desirably, substantially all of the oxygen (or other 
combinabie element) is removed from solid solution. 
Too much oxygen (or other element) in solid solution in 
the matrix 34, 76 may have adverse effects on the prop- 
erties of the initial metallic material and/or the consoli- 
dated article in some cases. Removal of at least a por- 
tion of, and in some cases substantially all of, the oxygen 
(or other combinabie element) may also allow other de- 
sirable alloying elements to be introduced into the matrix 
to a degree greaterthan possible when asubstantiai ox- 
ygen (or other combinabie element) content is present 
in solid solution. 

[0044] The present approach may be used to prepare 
a wide range of dispersion-strengthened alloys, includ- 
ing without limitation nicl<el-base, iron-base, cobalt- 
base, and aluminum-base alloys. These dispersion- 
strengthened alloys include alloys similar In composition 
to those which can be produced by other techniques 
such as mechanical alloying (but having the advantages 
over mechanical alloying discussed herein, and alloys 
that cannot be prepared in dispersion-strengthened 
forni by other approaches. Some specific examples in- 
clude nicl<el-base alloys such as MA754, dispersion- 
strengthened Rene™108, dispersion-strengthened 
Rene™125, and dispersion-strengthened Alloy 718; 
iron-base alloys such as MA956 and dispersion- 



strengthened A2B6; titanium-base alloys such as dis- 
persion-strengthened Ti-6242; cobalt-base alloys such 
as dispersion-strengthened L605; and aluminum-base 
alloys such as AI-9052, and AI-905XL; and dispersion 
5 strengthened 7075. The present approach is not limited 
to these alloys, which are presented as examples and 
not by way of limitation. 

[0045] For completeness, various aspects of the in- 
vention are set out in the following numbered clauses: 

10 

1 . A method of preparing an article (20) comprising 
a metallic matrix (34) having its constituent ele- 
ments and a dispersoid (38) distributed therein, 
comprising the steps of : 

IS 

furnishing at least one nonmetallic matrix pre- 
cursor compound, all of the nonmetallic matrix 
precursor compounds collectively including the 
constituent elements of the metallic matrix (34) 
20 in their respective constituent-element propor- 

tions; thereafter 

producing a mixture of an initial metallic mate- 
rial and the dispersoid (38), the step of produc- 
ing including the step of: 

ss 

chemically reducing the matrix precursor 
compounds to produce the initial metallic 
material, without melting the initial metallic 
material; and 

30 consolidating the mixture of the initial me- 

tallic material and the dispersoid (38) to 
produce a consolidated article (20) having 
the dispersoid (38) distributed In the metal- 
lic matrix (34) comprising the initial metallic 

35 material, without melting the initial metallic 

material, without melting the dispersoid 
(38), and without melting the consolidated 
article (20). 

40 2. The method of clause 1 , wherein the step of pro- 
ducing includes the steps of: 

furnishing the dispersoid (38), and 
mixing the dispersoid (38) with the matrix pre- 
45 cursor compounds prior to or concun-ently with 

the step of chemically reducing. 

3. The method of clause 1 , wherein the step of pro- 
ducing Includes the steps of: 

50 

furnishing the dispersoid (38), and 
mixing the dispersoid (38) with the Initial metal- 
lic material after the step of chemically reduc- 



4. The method of clause 1 , wherein the step of pro- 
ducing includes the steps of: 
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furnishing a dispersoid-precursor, and 
mixing the dispersoid precursor with the matrix 
precursor compound prior to or concurrently 
with the step of chemically reducing, and 
wherein the dispersoid precursor chemically re- s 
acts during the step of chemically reacting to 
produce the dispersoid (38). 

5. The method of clause 1 , wherein the step of pro- 
ducing includes the steps of: io 

first chemically reducing the matrix precursor 
compounds to produce the initial metallic ma- 
terial, without melting the initial metallic mate- 
rial, « 
introducing a precursor compound of the dis- 
persoid (38) into the initial metallic material, 
second chemically reducing the precursor com- 
pound of the dispersoid (38) to produce a first 
element of the dispersoid (38), and 20 
chemically reacting the first element of the dis- 
persoid (38) with a second element of the dis- 
persoid (38). 

6. The method of clause 1 , wherein there is no me- 25 
chanicai deformation of the initial metallic material 
prior to the step of consolidating. 

7. The method of clause 1 , wherein the step of fur- 
nishing at least one nonmetallic matrix precursor 30 
compound includes the step of: 

furnishing a compressed mass of the matrix 
precursor compounds. 

8. The method of clause 1 , wherein the step of fur- 
nishing at least one nonmetallic matrix precursor 
compound includes the step of: 

furnishing a compressed mass of nonmetallic 40 
matrix precursor compounds larger in dimen- 
sions than those of the consolidated article 
(20). 

9. The method of clause 1 , wherein the step of 
chemically reducing Includes the step of: 

producing a sponge of the initial metallic mate- 
rial. 

50 

10. The method of clause 1, wherein the step of 
chemically reducing includes the step of: 

producing particles of the initial metallic mate- 
rial. 55 

11. The method of clause 1, wherein the step of 
chemically reducing includes the step of: 



16 

chemically reducing the mixture of nonmetallic 
matrix precursor compounds by solid-phase re- 
duction. 

12. The method of clause 1, wherein the step of 
chemically reducing includes the step of: 

chemically reducing the compound mixture by 
vapor-phase reduction. 

1 3. The method of clause 1 , wherein the step of con- 
solidating includes the step of: 

consolidating the initial metallic material using 
a technique selected from the group consisting 
of hot isostatic pressing, forging, pressing and 
sintering, and containerized extrusion. 

14. The method of clause 1 , including an additional 
step, after the step of consolidating, of: 

forming the consolidated article (20). 

15. The method of clause 1 , including an additional 
step, after the step of chemically reducing, of: 

heat treating the consolidated article (20). 

1 6. The method of clause 1 , wherein the step of pro- 
ducing includes the step of: 

producing the initial metallic material selected 
from the group consisting of a nickel-base ma- 
terial, an iron-base material, a cobalt-base ma- 
terial, a titanium-base material, a magnesium- 
base material, and an aluminum-base material. 

1 7. The method of clause 1 , wherein the step of pro- 
ducing the mixture includes the step of: 

producing a dispersoid (38) including an ele- 
ment selected from the group consisting of ox- 
ygen, cartDon, nitrogen, boron, sulfur, and com- 
binations thereof. 

18. The method of clause 1 , Including an additional 
step, of: 

exposing, at a temperature greater than room 
temperature, the consolidated article (20) to an 
environment containing a dispersion-fomiing 
element. 



Claims 

1 . A method of preparing an article (20) comprising a 
metallic matrix (34) having its constituent elements 
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and a dispersoid 
ing the steps of : 



) distributed therein, compris- 



furnishing at ieast one nonmetailic matrix pre- 
cursor compound, all of the nonmetailic matrix s 
precursorcompounds collectively Including the 
constituent elements of the metallic matrix (34) 
in their respective constituent-element propor- 
tions; thereafter 

producing a mixture of an initiai metalilc mate- io 
riai and the dispersoid (38), the step of produc- 
ing inciuding the step of: 

6. 

chemicaiiy reducing the matrix precursor 
compounds to produce the initial metaillc '« 
material, without melting the initial metallic 

material; and 

consolidating the mixture of the initial me- 
tallic material and the dispersoid (38) to 
produce a consolidated article (20) having 20 7. 
the dispersoid (38) distributed in the metal- 
lic matrix (34) comprising the initial metallic 
material, without melting the initial metallic 
material, without melting the dispersoid 
(38), and without melting the consolidated 25 
article (20). 8. 



The method of claim 1 , wherein the step c 
ing includes the steps of: 



f produc- 



furnishing the dispersoid (38), and 
mixing the dispersoid (38) with the matrix pre- 
cursor compounds prior to or concurrently with 
the step of chemically reducing. 

3. The method of claim 1 , wherein the step of produc- 
ing includes the steps of: 

furnishing the dispersoid (38), and 
mixing the dispersoid (38) with the initial metal- 
lic material after the step of chemically reduc- 



4. The method of claim 1 , wherein the step of produc- 
ing includes the steps of: 

fumishing a dispersoid-precursor, and 
mixing the dispersoid precursor with the matrix 
precursor compound prior to or concurrently 
with the step of chemically reducing, and 
wherein the dispersoid precursor chemically re- 
acts during the step of chemically reacting to 
produce the dispersoid (38). 

5. The method of claim 1 , wherein the step of produc- 
ing includes the steps of: 

first chemically reducing the matrix precursor 



compounds to produce the initial metallic ma- 
terial, without melting the initial metallic mate- 
rial, 

introducing a precursor compound of the dis- 
persoid (38) into the initial metalilc material, 
second chemically reducing the precursorcom- 
pound of the dispersoid (38) to produce a first 
element of the dispersoid (38), and 
chemically reacting the first element of the dis- 
persoid (38) with a second element of the dis- 
persoid (38). 

The method of claim 1 , wherein the step of furnish- 
ing at least one nonmetailic matrix precursor com- 
pound includes the step of: 

furnishing a compressed mass of the matrix 
precursor compounds. 

The method of claim 1 , wherein the step of chemi- 
cally reducing Includes the step of: 

producing particles of the Initial metallic mate- 



8. The method of claim 1 , wherein the step of chemi- 
cally reducing includes the step of: 

chemically reducing the mixture of nonmetailic 
matrix precursorcompounds by solid-phase re- 
duction. 

9. The method of claim 1 , wherein the step of chemi- 
cally reducing includes the step of: 

chemically reducing the compound mixture by 
vapor-phase reduction. 

10. The method of claim 1 , including an additional step, 
after the step of chemically reducing, of: 

heat treating the consolidated article (20). 
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Description 

[0001] This invention relates to articles having titani- 
um-base metallic compositions and, more particularly, to 
articles made of titanium-base compositions having tita- 
nium boride particles dispersed therein. 
[0002] One of the most demanding applications of ma- 
terials in aircraft gas turbine engines is compressor and 
fan disks (sometimes termed "rotors") upon which the 
respective compressor blades and fan blades are sup- 
ported. The disks rotate at many thousands of revolutions 
per minute, in a moderately elevated-temperature envi- 
ronment, when the gas turbine is operating. They must 
exhibit the required mechanical properties under these 
operating conditions. 

[0003] Some of the gas turbine engine components, 
such as some of the compressor and fan disks, are fab- 
ricated from titanium metailc compositions. The disks 
are typically manufactured by furnishing the metallte con- 
stituents of the selected titanium metallic composition, 
melting the constituents, and casting an ingot of ttie tita- 
nium metallic composition. The cast ingot is ttien con- 
verted into a billet. The billet is further mechanically 
worked, typically by forging. The worked billet is thereaf- 
ter upset forged, and then machined to produce the tita- 
nium-base metallic composition component. 
[0004] Achieving the required mechanical properties 
at room temperature and up to moderately elevated tem- 
peratures, retaining sufficient environmental resistance, 
and preventing premature failure offer major challenges 
in the selection of the materials of construction and the 
fabrication of the articles. The chemistiy and microstmc- 
ture of the metallto composition must ensure ttiat the me- 
chanical properties of the article are met overthe service 
temperature range of at least up to about 1 200°F for cur- 
rent titanium-base metallic composition components. 
The upper limit of about 1 200° F for service of such com- 
ponents is due principally to static-strength and creep- 
sti^ngth reduction at higher temperatures and the ten- 
dency for titanium to react with oxygen at elevated tem- 
peratures, fonning a brittle oxygen-enriched layer, 
termed alpha case. Small mechanical or chemical irreg- 
ularities in the final component may cause it to fail pre- 
maturely in service, and these irregularities must be min- 
imized or. If present, be detectable by available Inspec- 
tion techniques and taken Into account. Such irregulari- 
ties may include, for example, mechanical in-egularities 
such as cracks and voids, and chemical in-egularities 
such as hard alpha irregularities (sometimes termed low- 
density inclusions) and high-density inclusions. 
[0005] One recent approach to improving the proper- 
ties of titanium-base metallic compositions, Including the 
high-temperature strength, is the introduction of boron 
Into the metallic composition to produce titanium boride 
particles dispersed therein. The introduction of boron has 
been accomplished by several different methods, such 
as conventional cast-and-wrought processing, powder 
metallurgy techniques such as gas atomization, and a 
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blended elemental approach. The first two methods suf- 
fer from the limited solubility of boron in titanium. The 
boron tends to segregate sti-ongly, forming relatively 
large titanium boride particles that are detrimental to duc- 

5 tility and fatigue. In order to avoid the segregation prob- 
lem, the levels of boron added to the metallk: composition 
by these first two methods is severely restricted, usually 
to the hypoeutectic portion of the phase diagram, limiting 
the potential benefits of the boron addition, orthe cooling 

10 rate during solidification must be very high. The blended 
elemental approach allows much larger additions of bo- 
ron. However, because the boron Is typically added as 
titanium diboride, and the phase in themiodynamk: equi- 
librium witii the alpha phase of titanium is the very-stable 

15 titanium monoboride, extended times at elevated tem- 
peratures are required to fully convert the titanium dibo- 
ride to titanium monoboride. The required high temper- 
atures and long times prevent the production of a uniform 
fine dispersion of titanium boride particles in the metallic 

^ composition. Additionally, fine freestanding titanium bo- 
ride or titanium diboride particles tend to agglomerate, 
reducing the uniformity of the final product. The result of 
all of these production approaches is that a significant 
volume fraction of the titanium boride is present as large 

2S particles that are typically 10-100 micrometers in their 
largest dimensions. These large particles have some 
beneficial strengthening effects, but they are not optimal 
for ductility, crack initiation, and static, creep, and fatigue 
strength. 

30 [0006] It has been possible, using existing melting, 
casting, and conversion practice, to prepare non-boron- 
containing titanium-base metalfic composition compo- 
nents such as compressor and fan disks that are fully 
serviceable. However, there is a desire and need for a 

35 manufacturing process to produce the disks and other 
components with even further-improved properties aris- 
ing from the presence of titanium boride particles and 
greater freedom from irregularities, thereby improving 
the operating margins of safety. The present invention 

40 fulfillsthisneedforan improved process, and further pro- 
vides related advantages. 

[0007] The present invention provides a metallic article 
of a titanium-base composition that also contains boron 
in an amount greater than the solubility limit of the boron 

45 in the metallic composition. The intragranular titanium 
boride particles distributed In the titanium matrix are small 
in size, typically well below 1 micrometer in their largest 
dimensions. The article has a good combination of me- 
chanical properties in the temperature range up to about 

50 1 300°F, possible good resistance to environmental dam- 
age from oxidation, and a low incidence of irregularities. 
The elastic modulus of the material is improved and the 
wear resistance is increased by the presence of the tita- 
nium boride particles. The boride dispersion is more uni- 

55 fomiandfarfinerthan that resulting from otherproduction 
techniques. The material produced by the present ap- 
proach has better statfc and creep strength at the same 
operating temperatures as compared with conventional 
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titanium metallic compositions, and also allows the ma- 
terial to be used to higher operating temperatures than 
possible with conventional titanium metallic composi- 
tions. 

[0008] An article comprises a mfcroscale composite 
material having a matrix comprising more titanium by 
weight than any other element, and a dispersion of tita- 
nium boride particles in the matrix. At least about 50 vol- 
ume percent, more preferably at least about 90 volume 
percent, and most preferably at least about 99 volume 
percent, of the Intragranular titanium boride particles 
have a maxim um dimension of less than about 2 microm- 
eters. More preferably, at least about 50 volume percent, 
more preferably at least about 90 volume percent, and 
most preferably at least about 99 volume percent, of the 
intragranular titanium boride particles have a maximum 
dimension of less than about 1 micrometer. More pref- 
erably, at least about 50 volume percent, more preferably 
at least about 90 volume percent, and most preferably 
at least about 99 volume percent, of the intragranular 
titanium boride particles have a maximum dimension of 
less than about 0.5 micrometer. Even more preferably, 
at least about 50 volume percent, more preferably at least 
about 90 volume percent, and most preferably at least 
about 99 volume percent, of the intragranular titanium 
boride particles have a maximum dimension of less than 
about 0.2 micrometer. 

[0009] As used herein in describing the present ap- 
proach, "titanium boride" refers to TiB, TiB2, 11364, or 
other tItanium-boron-containing compounds, whose 
composition may be modified by alloying elements. 'Ti- 
tanium-base" includes pure titanium, metallic alloys of 
titanium and other elements, and titanium-base interme- 
tallic alloys, as long as there is more titanium by weight 
than any other element. The "matrix" is the metallic tita- 
nium-base material in which the titanium boride part:ides 
are distributed and dispersed. 
[0010] The boron constituent element is preferably 
present in an amount not greater than that required to 
fomi about 90 percent by volume titanium boride in the 
consolidated material. More preferably, the boron is 
present in the consolidated material in an amount of not 
greater than about 1 7 weight percent of the consolidated 
material. Even more preferably, the boron is present in 
the consolidated material in an amount of from about 
0.05 to about 1 7 weight percent of the consolidated ma- 
terial. 

[0011] The amount of boron present in the material 
may be considered in two ranges, a hypoeutectic range, 
which for the titanium-boron binary system is from about 
0.05 to about 1 .5 percent by weight boron, and a hyper- 
eutectic range, which for the titanium-boron binary sys- 
tem is from about 1 .5 to about 1 7 percent by weight boron. 
Alloys with other elements in addition to titanium and bo- 
ron may have other phases and ranges, but are within 
the scope of the present approach. The present approach 
permits the preparation of materials having the same bo- 
ron content as may be achieved with other techniques, 



typically up to about 5 percent by weight of boron, and 
also the preparation of materials having greater boron 
content than may be readily achieved with other tech- 
niques, typically in the range of from about 5 to about 1 7 

s percent by weight of boron. In each case, the materials 
made by the present approach typically have a fine, uni- 
form titanium boride dispersion. 
[001 2] As stated, boron is preferably present at a level 
in excess of its room-temperature solid solubility in the 

'0 titanium-base composition matrix, up tothe level required 
to form no more than about 90 percent by volume titanium 
boride. For smaller additions in excess of the limit of solid 
solubility, the fine dispersion of titanium boride particles 
provides significant high-temperature static strength and 

'5 high-temperature creep strength benefits by fine-particle 
strengthening. For larger additions in excess of the limit 
of solid solubility, there is a larger volume fraction of fine 
titanium boride particles present and substantial rule-of- 
mixtures-strengthening benefits in addition to the fine- 

20 particle strengthening. At both levels of boron additions 
in excess of the solid solubility limit, the strength, elastic 
modulus, and wear resistance of the material are signif- 
icantly improved over conventional titanium-base com- 
positions. 

25 [0013] The matrix is typically polycrystalline, prefera- 
bly has a grain size of less than about 1 0 micrometers 
and more preferably less than about 5 micrometers. The 
titanium boride particles are preferably formed in situ 
within the matrix, so that they are never freestanding, 

30 freely flowing part:icles during the preparation of the ml- 
croscale composite material. The intragranular (i.e., 
those not at the grain boundaries) titanium boride parti- 
cles are preferably crystallographically oriented relative 
to the matrix within each grain, and more preferably are 

35 coherent or partially coherent with the matrix within each 
grain. 

[0014] The microscale composite material is desirably 
mechanically within 20 percent of isotropic, more prefer- 
ably within 1 0 percent of isotropic. That is, the article may 

*o be made by the preferred method so that the mechanical 
properties may be nearly the same measured in all di- 
rections. This state is to be contrasted with the anisotropic 
mechanical properties usually observed for other titani- 
um-titanium boride materials, in which the rodlike titani- 

■fs um boride particles are aligned with a mechanical work- 
ing direction, such as the major axis of an extrusion, pro- 
ducing mechanical strength properties that are signifi- 
cantly greater in the woricing direction than in directions 
transverse to the worldng direction. On the other hand, 

50 the properties of the present articles may be made ani- 
sotropic if desired. 

[0015] The intragranular titanium boride particles of 
the present approach are preferably platelike in shape. 
That is, two dimensions, defining a face of the plate, are 
55 relatively large (but not necessarily the same) and one 
dimension, defining a thickness of the plate, is relatively 
small. IHowever, the intragranular titanium boride parti- 
cles need not be platelilte, but may instead be equiaxed, 
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rodlike (with one relatively large dimension and two rel- 
atively small dimensions), or of another shape. 
[001 6] There may optionally be present an oxide of a 
stable-oxide-fomiing additive elements include magne- 
sium, calcium, scandium, yttrium, lanthanum, cerium, 
praseodymium, neodymium, promethium, samarium, 
europium, gadolinium, terbium, dysprosium, holmium, 
erbium, thulium, ytterbium, and lutetium, and mixtures 

[001 7] The material thus is a titanium-base matrix con- 
taining a fine dispersion of titanium boride particles, and 
optionally with stable-oxide-forming additive element(s) 
dispersed therethrough. The optional stable-oxide-fonn- 
ing additive element or elements are present in solid so- 
lution (either below the solubility limit or in a supersatu- 
rated state) and/or as one or more discrete dispersed 
oxide phases. The dispersed phases may be unoxidized 
stable-oxide-forming additive elements or an already ox- 
idized dispersion or a mixture of both. The stable-oxide- 
forming additive elements that are in solid solution or a 
non-oxidized discrete dispersion are available for subse- 
quent reaction with oxygen that may be in the matrix or 
diffuses into the metallic material in subsequent process- 
ing or service. 

[0018] The microscale composite material may fomn 
the entire article, or may be present as a microscopic or 
macroscopic insertto another article that is man ufactu red 
via any route, including traditional casting and working, 
casting, or similar approach as described herein. In any 
of these embodiments where the microscale composite 
material is added as an insert, the surrounding article 
may have the same or a different composition. 
[001 9] The fonnation of the boride dispersion has sev- 
eral important benefits. Rrst, a substantially uniformly 
distributed fine dispersion aids in achieving the desired 
mechanical properties, including static strength, fatigue 
strength, and creep strength, which are stable over ex- 
tended periods of exposure at elevated temperatures, 
through dispersion strengthening of the titanium-base 
matrix. The substantially uniformly distributed dispersion 
also aids in limiting grain growth of the titanium-base ma- 
trix. Second, the modulus of elasticity of the titanium- 
base composition is significantly increased, allowing the 
article to withstand substantially higher loads while de- 
fonning elastically. Third, the wear resistance and ero- 
sion resistance of the article are substantially improved, 
allowing increased service time in a given application. 
Fourth, the presence of the fine dispersion results in im- 
proved ductility compared with an article prepared by a 
conventional cast-and-wrought, cast, or gas-atomized or 
blended-elementalpowdermetallurgy approach. The bo- 
ride dispersion may be fomed in any titanium-base com- 
position matrix, including alpha, near-alpha, alpha-plus- 
beta, near-beta, and beta titanium metallic compositions, 
and any titanium-base intennetailics including those 
based on the alpha-2, orthorhombic, and gamma titanium 
aluminides. 

[0020] The optional oxide dispersion has several im- 
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portant benefits. First, a substantially uniformly distribut- 
ed dispersion aids in achieving the desired mechanical 
properties, which are stable over extended periods of 
exposure at elevated temperature, through further dis- 

s persion strengthening of the base-metal matrix, and also 
aids in limiting grain grovrth of the base-metal matrix. 
Second, when the exposure to environmental oxygen oc- 
curs during a pre-service oxidation or during service, the 
oxygen diffusing into the article would nonnally cause 

10 the fomiation of an "alpha case" near the surface of con- 
ventional alpha-phase-containing titanium metallic com- 
positions. In the present approach, the stable-oxide- 
forming additive elements either in solution or as a sep- 
arate phase getter the inwardly diffusing oxygen from 

IS solid solution and adding to the oxide dispersion, thereby 
reducing the incidence of alpha case fomiation and the 
associated surface embrlttlement and possible prema- 
ture failure. Third, in some cases the oxide dispersoids 
have a greater volume than the discrete metallic phases 

20 from which they were fonned. The fomnation of the oxide 
dispersoids produces a compressive stress state that is 
greater near to the surface of the article than deeper in 
the article. The compressive stress state aids in prevent- 
ing premature cracl< formation and growth during service. 

25 Fourth, the formation of a stable oxide dispersion at the 
surface of the article acts as a barrier to the inward dif- 
fusion of additional oxygen. Fifth, the removing of excess 
oxygen in solution from the matrix allows the introduction 
of higher metallic alloying levels of alpha-stabilizer ele- 

30 ments such as aluminum and tin, in turn promoting im- 
proved modulus of elasticity, creep strength, and oxida- 
tion resistance of the matrix. Sixth, the presence of ex- 
cess oxygen in solution in some types of titanium metallic 
compositions, such as alpha-2, orthorhombic, and gam- 

35 ma-based aluminides, reduces the ductility of the titani- 
um metallic composition. The present approach getters 
that oxygen, so that the ductility is not adversely affected. 
[0021] A preferred method for producing such an arti- 
cle made of constituent elements in constituent-element 

40 proportions includes the steps of furnishing at least one 
nonmetallic precursor compound, wherein all of the non- 
metallic precursor compounds collectively contain the 
constituent elements in their respective constituent-ele- 
ment proportions. The constituent elements comprise a 

-fs titanium-base composition, and boron present at a level 
greater than its room-temperature solid solubility limit in 
the titanium-base composition. The precursor com- 
pounds are chemically reduced to produce a material 
comprising a titanium-base composition having titanium 

so boride particles therein, without melting the titanium- 
base composition that fomis the matrix. The titanium- 
base composition does not have a melted microstructure, 
but instead is more unifomi and without the segregation 
features associated with melting and solidifying. The ti- 

55 tanium-base composition having the titanium boride par- 
ticles therein is consolidated to produce a consolidated 
article, without melting the titanium-base composition 
and without melting the consolidated titanium-base com- 
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position. The absence of melting aids in achieving and 
maintainingthe fine size distribution of the titanium boride 
particles. The various steps of this processing are pref- 
erably performed at as low a temperature as possible in 
each case, to avoid coarsening the titanium boride par- 
tides and the optional oxide dispersion and/or strong- 
oxide-former particles. The present approach is compat- 
ible with the embodiments discussed herein and those 
incorporated by reference. 

[0022] Optionally, the step of furnishing may include 
the step of furnishing a nonmetallic precursor compound 
of a stable-oxide-forming additive element that forms a 
stable oxide in the titanium-base composition. In such a 
material, at least one additive element is present at a 
level greater than its room-temperature solid solubility 
limit in the titanium-base composition. The preferred 
method includes an additional step, after the step of 
chemically reducing, of oxidizing the metallic composi- 
tion, including the oxygen-forming additive element, at a 
temperature greater than room temperature. 
[0023] The consolidated article may be mechanically 
formed as desired, by any mechanical forming technique. 
[0024] The material may be heat treated either after 
the chemical reduction step, after the consolidation step 
(if used), after mechanical forming, or subsequently. 
[0025] The steps of the preferred approach, the chem- 
ical reduction and consolidating steps as well as any oth- 
er processing steps, are performed at temperatures be- 
low the melting point of the matrix and the titanium boride 
particles, and preferably at as low an elevated tempera- 
ture as possible and for as short a time as possible at 
the elevated temperature. The higher the temperature 
and the longer the time, the coarser will be the titanium 
boride particles and the optional oxide particles. Process 
steps are chosen with this limitation in mind. For example, 
vapor phase chemical reduction is preferred to solid 
phase chemical reduction, because the vapor phase 
chemical reduction is typically performed at a lowertem- 
perature and/or for a shorter time than is solid phase 
chemical reduction. Consolidation techniques such as 
extrusion are preferred to pressing and sintering for the 

[0026] The present approach thus provides atitanium- 
base article having a fine titanium boride dispersion 
therein, with improved properties and improved stability. 
Other features and advantages of the present invention 
wil I be apparent from the following more detailed descrip- 
tion of the prefen-ed embodiment, taken in conjunction 
with the accompanying drawings, which illustrate, byway 
of example, the principles of the invention, and in which: 

Figure 1 is an idealized microstructure of the metallic 
article; 

Rgure 2 is a schematic perspective view of a titanium 
boride particle; 

Rgure 3 is a perspective view of a gas turbine com- 



ponent made by the present approach and having a 
titanium-boron Insert; 

Figure 4 is a sectional view of the gas turbine com- 
5 ponent of Rgure 3, taken on line 4-4; 

Figure 5 is a block flow diagram of an approach for 
practicing the invention; 

10 Figures 6-8 are idealized comparative microstruc- 
tures illustrating the relative size of titanium boride 
particles compared to a grid representing the grain 
size of the matrix, wherein Figure 6 represents the 
microstructure for material produced by a gas atom- 
is ized approach. Figure 7 represents the microstruc- 
ture for material produced by a blended elemental 
approach, and Figure 8 represents the microstruc- 
ture for material produced by the present approach. 

^ [0027] Rgure 1 is an idealized microstructure of an ar- 
ttele 20 including a microscale composite 21 fomned of a 
polycrystalline titanium-base matrix 22 having a disper- 
sion of fine platelike Intragranular titanium boride parti- 
cles 24 and grain-boundary titanium boride particles 25 
2S therein. Optionally, there are oxide particles 26 dispersed 
in the matrix 22 as well. In Figure 1 , the oxide particles 
26 are illustrated as smaller in size than the titanium bo- 
ride particles 24 and 25. However, the oxide particles 26 
may be of comparable size with the titanium boride par- 
se tteles 24 and 25, or of larger size than the titanium boride 
particles 24 and 25. (This idealized mcrostructure of Fig- 
ure 1 does not reflect the relative sizes or volume frac- 
tions of the constituents.) 

[0028] TTie constituent elements comprise a titanium- 

35 base composition, boron, and optionally a stable-oxide- 
forming additive element. A titanium-base composition 
has more titanium by welgfit than any other element (al- 
though ttiere may not be more titanium by atomic fraction 
than any other element, as for example in some gamma- 

^ phase titanium aluminides). The titanium-base matrix 22 
may be pure titanium (e.g., commercially pure or CP ti- 
tanium), a metallic alloy of titanium and other elements, 
or a titanium-base intemnetallic alloy. Titanium metallic 
alloy compositions of particular interest include alpha- 

15 beta phase titanium metallic compositions, beta-phase 
titanium metallic compositions, alpha-2 phase, and or- 
thorhombic phase. A titanium-base Intermetallic alloy of 
particular interest is the gamma-phase titanium alumi- 
nide metallic composition. The matrix composition is not 

so limited to these compositions, however. 

[0029] The matrix 22 is polycrystalline, with portions 
of fourdifferently oriented grains 30 illustrated, separated 
by grain boundaries 32. ("Grains" are also sometimes 
tenned "crystals".) The grain size of the grains 30 is pref- 

55 erably less than 10 micrometers, more preferably less 
than 6 mfcrometers. The matrix 22 within each of the 
grains 30 has acrystallographk: orientation, represented 
schematically by an-ow28. The intragranulartitanium bo- 
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ride dispersoid particles 24 (i.e., those titanium boride 
dispersoid particles which are not at the grain bounda- 
ries) are preferably crystal! ographlcally oriented relative 
to the crystallographic orientation 28 of the matrix 22 with- 
in each grain 30. More preferably, the intragranular tita- 
nium boride particles 24 are coherent or partially coher- 
ent with the matrix 22 within each grain 30. A coherent 
interface occurs when lattice planes crossing the inter- 
face are continuous, although possibly change orienta- 
tions, A semi-coherent or partially coherent interface is 
closely analogous to a low angle boundary in that unifomi 
misfit is related into regions of good, coherent fit sepa- 
rated by regions of bad fit, i.e., dislocations. Coherency 
is completely lost when the misfit is so large that the in- 
terface dislocation spacing is approximately the lattice 
spacing. The noncoherent interphase boundary is there- 
fore analogous to the high angle grain boundary and oc- 
curs when there is no simple fit between the lattices of 
the two phases. The grain-boundary titanium boride par- 
ticles 25 are distinctfrom the intragranulartitanium boride 
particles 24 in respect to preferred orientation, since the 
orientations of the grain-boundary titanium boride parti- 
cles 25 may be influenced by the adjoining grains, grain 
boundary dislocation structures, and the like. 
[0030] The presence of the preferential orientation of 
the Intragranulartitanium boride dispersoid particles 24 
relative to the crystallographic direction 28 of the matrix 
22 is to be distinguished from the situation found in rela- 
tion to titanium-titanium boride materials made by other 
approaches. In the other approaches, the titanium boride 
particles are typically oriented relative to the woricing di- 
rection, such as a rolling direction or an extrusion direc- 
tion, rather than In relation to the ctystallographic orien- 
tation of the matrix. The result is that the mechanical prop- 
erties of these other materials are typically highly aniso- 
tropic after wori<lng, with the highest modulus and 
strength, and lowest ductility, measured parallel to the 
orientation direction of the titanium boride particles. The 
present approach leads to a greater degree of isotropy 
of the titanium boride particles, due to the more nearly 
random crystallographic orientations of the various 
grains, when averaged over the entire microscale com- 
posite material, and thence the more neariy random ori- 
entations of the particles, when averaged overthe entire 
microscale composite material. Desirably, at least one 
of the mechanical properties of the microscale composite 
material of the titanium boride particles 24, 25 in the ti- 
tanium matrix 22 is within 20 percent of isotropic, mean- 
ing that Its measured values for all measurement direc- 
tions are within 20 percent of a value averaged over all 
measurement directions. Preferably, at least one of the 
mechanical properties of the microscale composite ma- 
terial is within 1 0 percent of isotropic. However, the prop- 
erties of the microscale composite material may be made 
more anisotropic, if desired, by processing treatments 
such as thennal processing and/or mechanical wori(ing. 
[0031] The boron level ranges from greater than the 
solubility limit at room temperature of boron in the titani- 



um-base composition to the level required to produce no 
more than 90 percent by volume titanium boride. Typi- 
cally, the boron is present in an amount of from 0.05 
percent to 1 7 percent by weight of the total weight of the 

5 final consolidated material. The result is a material having 
at least two phases, including one or more metallic phas- 
es constituting the titanium-base matrix 22, the titanium 
boride particles 24 and 25, and optionally one or more 
types of stable oxide particles 26. As used herein in de- 

f scribing the present method, "titanium boride' refers to 
TIB, which is present in most materials made by the 
present approach, TiBg, which is present where the ma- 
trix is a gamma-phase titanium aluminide, Ti3B4, and/or 
othertitanium borides or othertitanlum-boron-containing 

>5 compounds, possibly modified due to the presence of 
alloying elements. 'Titanium monoboride' refers specif- 
ically to TiB, and 'titanium diboride' refers specifically to 
TiB^. 

[0032] It IS most preferred that the amount of boron Is 

20 not less than that required to produce a volume fraction 
of at least 0.25 volume percent, more preferably at least 
0.75 volume percent, even more preferably at least 2 
volume percent of titanium boride particles in the matrix. 
0.25 volume percent is the amount of 1 0 nanometer tita- 

25 nium boride particles estimated to yield an increase of 
20,000 pounds per square inch in the shear strength of 
the material; 0.75 volume pen;ent is the amount of 20 
nanometertitanium boride particles estimated to yield an 
increase of 20,000 pounds per square inch in the shear 

30 Strength of the material; and 2 volume percent is the 
amount of 30 nanometer titanium boride particles esti- 
mated to yield an increase of 30,000 pounds per square 
inch in the yield strength of the material. 
[0033] The fine intragranular titanium boride disper- 

35 soid particles 24 provides dispersoid (i.e., Orowan) 
strengthening by interacting with dislocations in the frta- 
nium-base composition matrix 22. These fine intragran- 
ular dispersoid particles 24 are smaller in size than those 
produced by prior processes for preparing titanium-tita- 

40 nium boride materials. Figures 6-8 are idealized compar- 
ative microstructures illustrating the relative size of tita- 
nium boride particles 70 compared to a grid 72 repre- 
senting the grain size of the matrix by two prior approach- 
es (Figure 6, for a gas atomized approach and Figure 7 

IS for a blended elemental approach), with the present ap- 
proach (Figure 8). With an increasing amount of boron 
present, the volume fraction of titanium boride inaeases 
so that it becomes more neariy continuous at a macro- 
scopic level, but still maintains a separate distribution of 

so fine, less than 1 micrometer, titanium boride on a micro- 
scopic level. 

[0034] Figure 2 shows in isolation a single intragranu- 
lartitanium boride dispersoid particle 24 at an even higher 
magnification than shown in Rgure 1. The intragranular 
55 particle 24 typically has a plate-like shape, with two rel- 
atively large dimensions that define the face of the plate 
and a relatively small dimension that defines the thick- 
ness of the plate. The maximum dimension L of one of 
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the two relatively large dimensions of the face of the plate 
is the maximum dimension of the intragranular titanium 
borlde dispersoid phase particle 24. 
[0035] In the present approach, at least 50 volume per- 
cent, more preferably at least 90 volume percent, and 
most preferably at least 99 volume percent, of the intra- 
granular titanium bolide particles 24 have a maximum 
dimension L of less than 2 micrometers. More preferably, 
at least 50 volume percent, more preferably at least 90 
volume percent, and most preferably at least 99 volume 
percent, of the intragranular titanium boride particles 24 
have a maximum dimension L of less than 1 micrometer. 
More preferably, at least 50 volume percent, more pref- 
erably at least 90 volume percent, and most preferably 
at least 99 volume percent, of the intragranular titanium 
boride particles 24 have a maximum dimension L of less 
than 0.5 micrometer. Even more preferably, at least 50 
volume percent, more preferably at least 90 volume per- 
cent, and most preferably at least 99 volume percent, of 
the intragranular titanium boride particles24 have amax- 
imum dimension L of less than 0.2 micrometer. 
[0036] The optional oxide particles 26 are fomed by 
the reaction of oxygen with one or more stable-oxide- 
fonning additive elements. An element is considered to 
be a stable-oxide-fonning additive element if it forms a 
stable oxide in a titanium-base composition, w^here the 
titanium-base composition either has substantially no ox- 
ygen in solid solution or where the titanium-base com- 
position has a small amount of oxygen in solid solution. 
As much as about 0.5 weight percent oxygen in solid 
solution may be required forthe stable-oxide-fomiing ad- 
ditive element to function as an effective stable-oxide 
former. Thus, preferably, the titanium-base composition 
has from zero to about 0.5 weight percent oxygen in solid 
solution. Larger amounts of oxygen may be present, but 
such larger amounts may have an adverse effect on duc- 
tility. In general, oxygen may be present in a material 
either In solid solution or as a discrete oxide phase such 
as the oxides fornied by the stable-oxide-forming additive 
elements when they react with oxygen. 
[0037] Titanium has a strong affinity for and is highly 
reactive with oxygen, so that it dissolves many oxides, 
including its own. The stable-oxide-fonning additive ele- 
ments within the scope of the present approach form a 
stable oxide that is not dissolved by the titanium metallic 
composition matrix during typical themial conditions as- 
sociated with reduction, consolidation, heattreat, and ex- 
posure. Examples of stable-oxide-fomning additive ele- 
ments are strong oxide-formers such as magnesium, cal- 
cium, scandium, and yttrium, and rare earths such as 
lanthanum, cerium, praseodymium, neodymium, prome- 
thium, samarium, europium, gadolinium, tertslum, dys- 
prosium, holmium, erbium, thulium, yttertaium, and lute- 
tium, and mixtures thereof. 

[0038] The presence and the nature of the distribution 
of the oxide particles 26 has several additional important 
consequences. The dispersion of oxide particles 26 
serve to strengthen the matrix 22 by the dispersion- 



strengthening effect and also to improve the elevated- 
temperature creep strength of the matrix 22. The disper- 
sion of oxide particles 26 may also pin the grain bound- 
aries 32 of thematrix22to inhibit coarsening of the grains 

5 30 during processing and/or elevated temperature expo- 
sure. Additionally, in some circumstances the oxide par- 
ticles 26 have a higher specific volume than the stable 
oxide-forming additive elements from which they are pro- 
duced. This higher specific volume creates a compres- 

10 sive force in the matrix 22 near its surface. The compres- 
sive force inhibits cracl< fonnation and growth when the 
article is loaded in tension or torsion during service, a 
highly beneficial result. 

[0039] One important utilization of the present ap- 

's proach Is that the consolidated article may fonn an insert 
in relation to a mass of different material. In the embod- 
iment of Figures 3-4, an insert 40 of the microscale com- 
posite 2 1 as discussed above is placed into the non-com- 
posite metallic alloy material that fonns the balance of 

20 an airfoil 42 of a gas turiDine blade 44. The insert increas- 
es the strength and modulus of the airfoil 42, without be- 
ing exposed to the environmental gases and without al- 
tering the shape of the airfoil 42. Inserts may be incor- 
porated by any operable approach, such as by making 

25 the non-boride portion by casting in place, casting and 
worldng, or a nonmelting approach. 
[0040] Other examples of articles that may be made 
by the present approach include components of gas tur- 
bine engines include vanes, disl<s, blisks, blings, shafts, 

30 cases, engine mounts, seals, and housings. Other arti- 
cles include, for example, airframe components, auto- 
motive parts, and biomedical articles. The use of the 
present invention is not limited to these particular articles, 
however. 

35 [0041] Rgure 5 depicts a preferred method for produc- 
ing a metallic article made of constituent elements in con- 
stituent-element proportions. At least one nonmetallic 
precursor compound is furnished, step 50. All of the non- 
metallic precursor compounds collectively contain the 
constituent elements in their respective constituent-ele- 
ment proportions. The metallic elements may be supplied 
by the precursor compounds in any operable way. In the 
prefen-ed approach, there is exactly one non-oxide pre- 
cursor compound for each metallic alloying element, and 

45 that one precursor compound provides all of the material 
for that respective metallic constituent in the metallic 
composition. For example, for a four-element metallic 
material that is the final result of the process, a first pre- 
cursor compound supplies all of the first element, a sec- 

50 ond precursor compound supplies all of the second ele- 
ment, a third precursorcompound supplies all of the third 
element, and a fourth precursor compound supplies all 
of the fourth element. Alternatives are within the scope 
of the approach, however. For example, several of the 

55 precursorcompounds may together supply all of one par- 
ticular metallic element. In another alternative, one pre- 
cursor compound may supply all or part of two or more 
of the metallic elements. The latter approaches are less 
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preferred, because they make more difficult the precise 
determination of the elemental proportions in the final 
metallic material. The final metallic material is typically 
not a stoichiometric compound having relative amounts 
of the metallic constituents that may be expressed as 
small integers. 

[0042] The precursor compounds are nonmetallic and 
are selected to be operable in the reduction process in 
which they are reduced to metallic form. In one reduction 
process of interest, vapor-phase reduction, the precursor 
compounds are preferably metal halides. In another re- 
duction process of interest, solid-phase reduction, the 
precursor compounds are preferably metal oxides. Mix- 
tures of different types of precursor compounds may be 
used. 

[0043] Some constituents, termed 'other additive con- 
stituents', may be difficult to introduce into the metallic 
composition. Whatever the reduction technique used in 
step 52 and however the other additive constituent is 
introduced, the result is a mixture that comprises the me- 
tallic composition. Methods for introducing other additive 
constituents may be performed on precursors priorto the 
reduction of the base-metal constituent, or on already- 
reduced material. For example, boron maybe added us- 
ing borane gas, or yttrium may be added as yttrium chlo- 
ride. 

[0044] The chemical composition of the initial metallic 
composition is determined by the types and amounts of 
the metals in the mixture of nonmetallic precursor com- 
pounds furnished in step 50 or that are introduced in the 
processing. The relative proport:ions of the metallic ele- 
ments are determined by their respective ratios in the 
mixture of step 50 (not by the respective ratios of the 
compounds, but the respective ratios of the metallic el- 
ements). The initial metallic composition has more tita- 
nium than any other metallic element in the precursor 
compounds, producing a titanium-base initial metallic 
composition. 

[0045] Optionally, the nonmetallic precursor com- 
pounds may be pre-consolidated, step 51 , priorto chem- 
ical reduction by techniques such as solid-phase reduc- 
tion. The pre-consolidation leads to the production of a 
sponge in the subsequent processing, rather than parti- 
cles. The pre-consolidation step 51, when used, is per- 
fonned by any operable approach, such as pressing the 
nonmetallic precursor compounds into a pre-consolidat- 
ed mass. 

[0046] The single nonmetallic precursor compound or 
the mixture of nonmetallicprecursorcompounds is chem- 
ically reduced to produce metallic particles or sponge, 
without melting the precursor compounds or the metai, 
step 52. As used herein, "without melting", "no melting", 
and related concepts mean that the material is not mac- 
roscopically or grossly melted for an extended period of 
time, so that it liquefies and loses Its shape. There may 
be, for example, some minor amount of localized melting 
as low-melting-point elements melt and are diffusionally 
alloyed witti the higher-melting-point elements tiiat do 



not melt, or very brief melting for less than 1 0 seconds. 
Even in such cases, the gross shape of the material re- 
mains unchanged. 

[0047] In one preferred reduction approach, termed 

5 vapor-phase reduction because the nonmetallic precur- 
sor compounds are furnished as vapors or gaseous 
phases, the chemical reduction may be performed by 
reducing mixtures of halides of the base metal and the 
metallic alloying elements using a liquid alkali metal or a 

10 liquid alkaline earth metal. For example, titanium tetra- 
chloride, borane trichloride, and the halides of the metal- 
lic alloying elements are provided as gases. A mixture of 
these gases in appropriate amounts is contacted to mol- 
ten sodium, so that the metallic halides are reduced to 

is the metallic fomn. The metallic composition is separated 
from the sodium. This reduction is performed at temper- 
atures below the melting point of the metallic composi- 
tion. The approach, but without the present invention, is 
described more fully in US Patents 5,779,761 and 

20 5,958,106, and US Patent Publication 2004/0123700. 
Other gas-phase techniques are described in US Publi- 
cations 2004/0050208 and 2004/0261573. 
[0048] Reduction at lower temperatijres rather than 
higher temperatures Is prefen-ed. Desirably, the reduc- 

25 tion is perfonned at temperatures of 600°C or lower, and 
preferably 500°C or lower. By comparison, prior ap- 
proaches for preparing titanium- and other metallic com- 
positions often reach temperatures of 900°C or greater. 
The lower-temperature reduction is more controllable, 

30 and also is less subject to the introduction of contamina- 
tion into the metallic composition, which contamination 
in tum may lead to chemical in-egularlties. Additionally, 
the lower temperatures reduce the incidence of sintering 
together of the particles during the reduction step and 

35 limits the potential coarsening of the stable boride and 
optional oxide dispersions. 

[0049] In another reduction approach, termed solid- 
phase reduction because the nonmetallic precursorcom- 
pounds are furnished as solids, the chemical reduction 

*o may be perfonned by fused salt electrolysis. Fused salt 
electrolysis is a known technique that is described, for 
example, in published patent application WO 99/64638. 
Briefly, in this variation of in fused salt electrolysis the 
mixture of nonmetallic precursor compounds, furnished 

45 in a finely divided solid fonn, is immersed in an electrol- 
ysis cell in a fused salt electrolyte such as a chloride salt 
at a temperature below the melting temperature of the 
metallic composition that f onns from the nonmetallic pre- 
cursorcompounds. The mixture of nonmetallic precursor 

50 compounds Is made the cathode of the electrolysis cell, 
with an inert anode. The elements combined with the 
metals in the nonmetallic precursor compounds, such as 
oxygen in the preferred case of oxide nonmetallic pre- 
cursor compounds, are partially or completely removed 

55 from the mixture by chemical reduction (i.e. , the reverse 
of chemical oxidation). The reaction is perfonned at an 
elevated temperature to accelerate the diffusion of the 
oxygen orothergas awayfromthe cathode. Thecathodic 
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potential is controlled to ensure that the reduction of the 
nonmetallic precursor compounds will occur, rather than 
other possible chemical reactions such as the decompo- 
sition of the molten salt. The electrolyte is a salt, prefer- 
ably a salt that is more stable than the equivalent salt of 
the metals being refined and ideally very stable to remove 
the oxygen or other gas to a desired low level. The chlo- 
rides and mixtures of chlorides of barium, calcium, cesi- 
um, lithium, strontium, and yttrium are preferred. The 
chemical reduction Is preferably, but not necessarily, car- 
ried to completion, so that the nonmetallic precursorcom- 
pounds are completely reduced. Not carrying the process 
to completion is a method to control the oxygen content 
of the metal produced and to allow subsequent fomiation 
of the oxide dispersion. If the pre-consolidation step 51 
is perfonned, the result of this step 52 may be a metallic 
sponge. 

[0050] In another reduction approach, termed "rapid 
plasma quench" reduction, the precursor compound 
such as titanium chloride is dissociated in a plasma arc 
at a temperature of over 4500°C. The precursor com- 
pound is rapidly heated, dissociated, and quenched in 
hydrogen gas. Tlie result is fine metallic-hydride parti- 
cles. Any melting of the metallic particles Is very brief, on 
the order of 1 0 seconds or less, and Is within the scope 
of "without melting" and the like as used herein. The hy- 
drogen is subsequently removed from the metallic-hy- 
dride particles by a vacuum heat treatment. Oxygen may 
also be added to react with the stable-oxide-forming ad- 
ditive elements to form the stable oxide dispersion. Boron 
is added to react with titanium to produce a titanium bo- 
ride. 

[0051 ] Whatever the reduction technique used in step 
52, the result Is a material of a metallic titanium-base 
composition, titanium boride, and optionally stable oxide 
particles. The material may be free-flowing particles in 
some circumstances, or have a sponge-lil<e structure in 
other cases. The sponge-like structure is produced in the 
solid-phase reduction approach if the precursor com- 
pounds have first been pre-compacted together (i.e., op- 
tional step 51 ) prior to the commencement of the actual 
chemical reduction. The precursor compounds may be 
compressed to f omi a compressed mass that is larger In 
dimensions than a desired final metallic article. 
[0052] Optionally but preferably, the material Is con- 
solidated to produce a consolidated metallic article, step 
54, without melting the titanium-base composition and 
without melting the consolidated titanium-base compo- 
sition. The consolidation step 54 may be performed by 
any operable technique, with examples being hot isostat- 
ic pressing, forging, extrusion, pressing and sintering, 
and direct powder consolidation extrusion or rolling, or a 
combination of these methods. 
[0053] Optionally but preferably, there is further 
processing, step 56, of the consolidated metallic article. 
In this processing, the article Is not melted. Such further 
processing may include, for example, mechanically fomn- 
ing the consolidated metallic article, step 58, by any op- 
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arable approach, and/or heat treating the consolidated 
metallic article, step 60, by any operable approach, 
and/or oxidizing the consolidated metallic arttole, step 
62, by any operable approach (where there are stable 

5 oxide-forming elements present that need to be rearted 
to form the oxide particles 26). These steps 58, 60, and/or 
62, where used, are selected according to the nature of 
the titanium-base composition. However, these steps 58, 
60, 62 are preferably perfomned at as low a temperature 

10 as possible to avoid excessive coarsening of the titani um 
boride pattides 24 and 25. 

[0054] The present approach has been practiced by 
preparing powders having compositions of titanium- 
about 0.8 weight percent boron-about 0.5 weight percent 

IS oxygen and titanium-about2 welghtpercent boron-about 
1 weight percent oxygen, using the prefen-ed approach 
described above. Some powders were consolidated by 
hot isostatically pressing (HIP). Other powders were con- 
solidated by HIP followed by extruding with an extmsion 

20 ratio of about 1 0:1 . Some samples were stress relieved 
following consolidation. 

[0055] Specimenswere examined by X-ray diffraction, 
scanning electron microscopy, andtransmission electron 
microscopy. The X-ray diffraction identified the presence 
25 of alpha titanium and TiB. The scanning electron micro- 
scopy and transmission electron microscopy indicated 
the presence of a unifonn fine distribution of sub-micron 
titanium boride particles, ranging in maximum dimension 
from less than 100 nanometers to several hundred na- 
30 nometers. The intragranular titanium boride particles ex- 
hibited interfaces that were faceted with the adjacent ma- 
trix of alpha-phase titanium. The major zone axes of the 
TIB particles were aligned with the major zone axes of 
the adjacent alpha (a)-phase titanium matrix. In this ma- 
ss terial, [11-20]a was parallel to [010] intragranular TiB, 
(0001 )a was parallel to (001) intragranular TiB, and (- 
1 1 00)a was parallel to (001 ) Intragranular TiB. However, 
different relations may be found in other compositions. 
[0056] The particles were plate-shaped and of similar 
40 shape, size, and orientation in both the as-HIP and 
HIP+extrude materials. Macrohardness measurements 
were conducted on both as-HIP and HIP+extruded ma- 
terials. The materials were largely isotropic in both states, 
indicating that the extrusion did not produce a significant 
45 anisotropy in the hardness mechanical property. 

[0057] Specimens were also prepared with titanium 
boride particles dispersed In a nominal T1-6AI-4V matrix. 



so Claims 

1. An article (20) comprising a microscale composite 
material (21) having 

a matrix (22) comprising more titanium by weight 
55 than any other element; and 

a dispersion of titanium boride particles (24, 25) in 
the matrix (22), wherein at least about 50 volume 
percent of the titanium boride particles (24, 25) have 
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a maximum dimension of less tlian about 2 microm- 
eters. 

2. The article (20) of claim 1 , wherein the microscale 
composite material (21 ) has less than about 1 .5 per- s 
cent by weight boron. 

3. The article (20) of claim 1 , wherein the microscale 
composite material (21) has from about 1.5 percent 
by weight boron to about 1 7 weight percent boron. 

4. The article (20) of claim 1, wherein the matrix (22) 
is polycrystalline with a grain size of less than about 
10 micrometers. 

IS 

5. The article (20) of claim 1 , wherein the matrix (22) 
is polycrystalline, and wherein the titanium boride 
particles (24, 25) include intragranular titanium bo- 
ride particles (24), and wherein the intragranular ti- 
tanium boride particles (24) are crystallographically 20 
preferentially oriented relative to the matrix (22) with- 
in each grain (30). 

6. The article (20) of claim 1, wherein the matrix (22) 

is polycrystalline, wherein the titanium boride parti- 25 
cles (24, 25) Include intragranular titanium boride 
particles (24), and wherein the intragranulartltanium 
boride particles (24) within each grain (30) are co- 
herent or partially coherent with the matrix (22) of 
said grain (30). 30 

7. The article (20) of claim 1 , wherein the microscale 
composite material (21) Is mechanically within 20 

percent of isotropic. 

35 

8. The article (20) of claim 1 , wherein the titanium bo- 
ride particles (24, 25) are plate-shaped. 

9. The article (20) of claim 1 , wherein the article (20) 
includes the microscale composite material (21 ) as 40 
an insert (40) in another material (44). 

10. The article (20) of claim 1, wherein the microscale 
composite material (21) further includes 

a dispersion of oxide particles (26). 
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FIG. 8 
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COMPLETE SPECmCATION 
Improvemaits in or relating to the production of Pure Titanium 
and Zirconium 

Wcj Joseph Peppo Levy, a Turkish tains at least 1% of impurities, mainly 50 

Citizen, of 1, Kathleen Avenue, Acton, because of the difficulty of leaching the solid 

London, W.3, David Harry Pickard and matrix. The use of hydrochlwric acid to 

Lionel Piocard, both British Subjects, and remove unreacted magnesium may also intro- 

5 both of 223, St. John Street, Londtm, E.C.1, duce fresh impurities, since the hydrogen 

do hereby declare the invention, for which liberated may also act on very finely-divided 55 

we pray that a patent may be granted to us, titanium to form titanium hydride and impuri- 

and the method by which it is to be performed, ties in the material normally used for lining 

to be particularly described in and by the the chamber may introduce further impurities 

10 following statemoit:— whidi contaminate the titanium. 

This invention relates to the production of It has now been found diat titanium and 60 

titanium or zirconium metal in a high state of zirconium can be produced in a high state of 

purity. ' purity without encountering the difficulties 

Tit anium and zirconium arc readily pro- above referred to if the reduction reaction is 

15 duced in the form of volatilizable chlorides by carried out in the vapour phase in the presence 

direct reduction of jheir ores with carbon in of an inert gas (viz. one of the noble gases, 86 

the presence of chlorine, but the production of in particular argon, helium or neon, oa 

the pure metal from die tetradilorides is a accotmt of their availability) to act as an 

matter of considerable diflSculty owing to the entrainment and effect the rapid removal and 

20 great affinity of these metals for other sub- separation o£ the products m reaction. 

stances, more particularly to their affinity for It is also desirably in (wder to avcnd con- 70 

both the oxygen and nitrogen of the atmos- taminadon by the walls of the reaction vessel 

phere, and for carbon and hydrogen. Even of the titanium ac zirconium metal when 

traces of impurities, particularly oxygen and formed, to arrange for the reaction to take 

n nitrogen, may render the metal btitde and place in a reaction zone surrounded bjr moving 

unworkable and of much less commercial inert gas and to cany away r^idly &e 79 

value, although the metal is of great utility reaction products as soon as formed to a cod 

when in the pure condition. zoae without ccmtact while hot with the walls 

Many processes have previously been sue- of the vessel, and also to prevent mist piutides 

30 gested for obtaining pure titanium from the of alkaline earth chloride htm coalescing. 
tetrachlwAie. Thus, it has been previously It will be shown hereinafter that the go 

su^iested to obtain titanium by reactii^ mag- employment of a vapour phase reaction in 

nesium with titanium tetrachloride in accord- amjunction with a moving inert 

ance with die formula 2Mg-l-TiQ4=2M^a entrainant not imly avoids the difiSculties 

+Ti by introducing the titanium chloride hitoto encountered in obtaining pure metal, 

vapour into molten magnesium, titanium but also carries with it many advantages ^^cfa 85 

being retained in a matrix tit unreacted mag- could not have been foreseen, 
nesium and magnesium chloride. It is Accordingly, in its broadest aspect, the 

extremely diflScult, however, if not impossible, present invention includes the process for the 

40 to remove all ocduded titanium tetrachloride productirai of pure titanium or zirconium 

vapour, and in the subsequent leachhig of the which comprises reacting the tetradiloride of QQ 

mass with water to remove magnesium the required metal in the vapour phase and in 

chloride, this residual tetrachloride vapour is the presence oi a moving inert gas with mag- 

hydroliscd, giving insoluble oxides and oxy- nesium vapour, and passing the reaction pro- 

45 chlorides which cannot be subsequenuy ducts while entrained in the inert gas, through 

removed without attacking the titanium itself, a zone sufficiently cool to solidify the mag- 95 

Moreover, the leaching itself is a difficult nesium chloride before the particles are 

operation to carry to completion and die allowed to setde. 

titanium obtained by this process usually con- The inert gas whidi may conveniendy be 
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argon on account erf its availability is prefer- 
ably employed as a vehide to carry one or 
both of die reaction, ingredients into die 
reaction zone as well as to carry the reacticm 
6 products rapidly away from the reaction zone. 
The products m reaction are thus maintained 
in a finely-divided state -in suspension until 
cool enough to be collected as a fine powder, 
and it is diis feature d the invention which 

10 enables the titanium or zirconium metal to 
be separated from the magnesium chloride 
without die difficulties refored to above. 
Moreover, the inert gas acts to dilute the 
reaction ingredients and diereby enables the 

16 strongly exodiermic reaction to be better con- 
trolled. It also sweeps away excess tetra- 
chloride vapour and this is one of the many 
adyamges of the use of a vapour phase reaction 
in conjunction with die employpient of a mov- 

20 ing inert gas. The higher temperature of tine 
reaction provides a craiditioa of gready 
increased chemical activity. Furthermore, by 
reducing die tetrachloride with magnesium 
vapour, the reaction becomes practically 

25 quantitative, because at that temperature die 
products of reaction Ti or Zr-l-MgClj are in 
the solid and liquid phases respectively and 
can thus be easily carried away by the entrain- 
ing inert gas. This removal of the reaction 

30 products as rapidly as they are formed ensures 
that the reaction proceeds to completion and 
all the metal vapour is consumed leaving no 
residual matrix to be dissolved out as when 
conducting the reduction in the liquid phase. 

36 Furthermore, as will be shown hereinafter, 
the vapour phase reaction using an entraining 
gas enables a continuous process in a closed 
cycle to be carried out 
In canying out the invention, using the 

40 inert gas as a vdiicle to carry the magnesium 
vapour forward, it may be caused to draw die 
vapour frmn a pool of boiling metal in a vessel 
surrounding the reaction vessel by passing it 
dirough a venturi and into the reaction vessel 

45 to meet a current of titanium or zirconium 
tetrachloride vapour. Ideal conditions obtain 
when die magnesium and die tetrachloride 
are in stoichiometric prcqxations, but a small 
excess a£ either reactant can be tolerated, and 

60 a slight excess of tetiadiloride vapour over 
that required to maintain mdar propcntions 
prevents the tetrachloride vapour frran striking 
back and actii^ on the surface of the pool of 
boiling magnestum. Any reactim of the sur- 

56 face (S the mdtea magnesium makes it neces- 
sary to separate and recover the products of 
sudi reaction, with all the doadvantages 
hereinbefore mentioned. The inot gas pass- 
ing through the venturi exerts a pumping 

to action vrnah carries the magnesium vs^iour 
into die reactirai vessel very effectivdy. 

The reaction is strongly exothermic and the 
radiated heat may be utilised in maintaining 
the magnesium in a state of ebuUiticm. 

65 The products of the reaction are obtained 



in this way in the form of a finely-divided 
powder consisting c£ magnesium cblraide and 
titanium or zirconium metal 

The deposition of bodi products of reacticm 
in die form of a powda: enables die metel to 70 
be extracted without difficulty. The reaction 
products do not come into contact with any 
wall surface until they are cool enough to 
remain tmcontaminated. 

Although argon is a comparatively aspen- 75 
sive gas, very litde is lost in die process, as 
die argon upon performing its function may be 
re-circulated after passing through condensers 
and heat exchangers which cool the gas and 
remove from it any excess tetrachloride. Thus, SO 
only small proportions of gas require to be 
introduced into the ciccuit from time to time 
to malce good smaE losses which may occur. 

In view of the necessity for keeping die 
molten magnesium out of contact with either 85 
oxygen or nitrogen of the atmosphere, die 
magnesium boiler may be fed with molten 
magnesium from a second heated vessel which 
is replenished by billets of solid metal. The 
tetrachloride is pressure-fed from a series of 90 
replenished storage tanlcs and the products of 
reaction are removed through an argon lock 
at convenient intervals without stopping the 
reaction. 

The magnesium chloride can be easily 95 
removed and recovered from the titanium or 
ziconium metal in a condition which enables 
it to be economically returned to electrolytic 
cells for decomposition into metal and 
chlorine, bodi of which can be re-used in the 100 
proces.<!. 

One specific method of carrying out die 
inventiwi for the production of titanium in a 
continuous manner will now be described widi 
reference to die accompanying drawing, whic^ 105 
shows diagrammatically a form of reaction 
vessel with its accompanying melting vessd for 
supplying molten magnesium. 

In die drawing the reaction vessel 10 is in 
the form of a cylinder, die sides of which at 110 
die top converge into die venturi throat 11, 
the upper part of the reaction vessel 10 being 
surrounded by concentric vessel 12 provided 
with a cover 13 which may be secured to the 
flange 14 by bolts (not shown) or otherwise. 115 
The reaction vessel is provided with a side 
inlet 15 passing tiurough die outer vessel 12. 
Above die outer vessel 12 is a small box 16, 
provided with an inlet 17 and cover 19, 
tiurough die bottom of which passes a tube 20 120 
extending upwardly nearly to die fop of die 
box 16 and downwardly through an aperture 
in die lid 13 terminating in a nozzle 21 
situated centrally above die venturi throat 11. 
The outer vessel 12 communicates through 125 
the tube 22 near the bottom thereof with the 
bottom part of a mdting vessel 23 closed widi 
cover 24 in which is provided an inlet 25 of 
sufficient width to take billets of magnesium. 
The inlet 25 is dosed with a cover 26, The 130 
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reaction vessel 10 is flanged at the bottom 
and attached to the wide cooling vessel 27 
which is flanged top and bottom and the 
bottom flanged at 29 is bolted to the flanged 

5 inlet conduit 28 of the receiver 30 which has 
a narrower flanged outlet 31 bolted at 32 to 
the conduit 33 leading to an oudet 34 in the 
side of the cooling vessel 27. By means of the 
valves 35, 36, 37, 38 and 39, the receiver can 

10 be shut off from the rest of ±e apparatus for 
the purpose of uncoupling the receiver and 
changing it without opening it or the appa- 
ratus to communication with the outside 
atmosphere. 

15 In operation die outer vessel 12 and the 
melting vessel 23 are enclosed in furnaces (not 
shown) wMdi melt the magnesium metal 
introduced into the opening 26 and maintain 
the metal in 23 in a molten condition and that 

20 in die outer vessel 12 at the boiling point. 
The apparatus may be worked as a continuous 
process in which argon from a suitaWe storage 
is pumped into the box 16 at the inlet 17 
and passes through a quantity of metallic cal- 

25 cium or other gettering material 18 and enters 
the outer vessel 12 through the delivery tube 
20 and jet 21. The stream of aigon emerging 
from the jet 21 and from thence into the 
ve&turi throat 11 sets up a pumping acticm 

30 which draws magnesium vapour horn above 
the magnesium in the vessel 12 and carries it 
down me reacticai vessel 10 where it meets a 
stream of titanium tetrachloride which enters 
through die inlet IS. An intense exothermic 

35 reaction is set iqi in the centre part ot the 
reactirai vessd 10 forming fine particles of 
titanium metal and a mist of magnesium 
diloride which is carried downwards and 
enters the cool zone 27 in the lower part of 

40 the apparatus where the magnesium chloride 
solidifies in powder form and the mixed 
powders are cdlected in the receiver 30. 
^on containing excess tetrachloride passes 
out at 31 and enters a system of condensers 

45 for the removal of titanium tetrachloride 
which is passed to a suitable storage and the 
argon is re-circulated entering the apparatus 
again at 17. By closii^ the valves 35, 36, 37 
and 38 and openii^ valve 39, the receiver may 

50 be changed periodically by undoing die attach- 
ments at 32 and 29, the argon circulation 
being uninterrupted through die shMt-circuit- 
ing valve 39. 
The level of the molten ms^eshim in the 

55 outer vessel 12 is kept constant by addition 
of magnesium billets through the inlet 25 and 
the connection 22 enables molten magnesium 
to flow freely into the outer vessel 12 without 
air entering the apparatus. 

GO The following is an example of an experi- 
mental batch carried out in an apparatus as 
above described: — 

A gas-fired furnace was arranged to pre- 
melt billets of magnesium in the melting 

65 vessel 23 which could conveniently transfer 



the molten metal at about 850° C. to the 
boiler 12 heated in a second similar furnace. 
10 pounds of metal was contained in the mag- 
nesium boiler 12, the surface reaching to just 
below the venturi throat 11 which had a TO 
diameter of V'. The nozzle 21 having a dia- 
meter of Vss" was situated above the venturi 
at a distance suitable for drawing into the 
reaction vessel magnesium vapour by the 
argon which is passed through it. The argon 75 
flow rate was 3* cubic feet per minute and 
the magnesium evaporation was 8 pounds per 
hour. The titanium tetrachloride corre- 
sponded to the molar proportion of 8 pounds . 
per hour of magnesium. In diis way the gas 80 
flow was maintained at the optimum value so 
diat student magnesium was drawn in to 
give practically complete reduction c£ the 
titanium tctrachlorioe during its passage 
through the reaction zone. Optimum con- 86 
ditions will obviously depend on maintaining 
the correa adjustment oS nozzle diameter, 
venturi throat diameter, distance of die nozzle 
above die venturi and rate of ai^ flow and 
magnesium evaporation which require previous 90 
calcuktioa and trial but it was found that 
with the apparatus used die evaporation of 
magnesium metal may vary between 6 and 18 
pounds per hour and the molar proportion of 
titanium tetradiloride is mtroduced to corre- 99 
spond to the predetermined rate of mag- 
nesium evqxnration. Under die conditicuis 
stated, the product is ddivered as a fine dis- 
crete powder, the particle size of n^ch was 
measured for one experiment and found toiQO 
vary between Vrsnoo <» an inch and Vsoo of an 
inch. 

It was also found that with the dimensions 
given above, anything under 2 cubic feet per 
minute of argon gave rise to a solid matrix, 106 
and anything above 7 cubic feet per minute 
tends to give only partial reduction or scatters 
the product too rapidly in the apparatus to 
permit of easy cleansing of the argon. 

It has been found that an electrostatic or 110 
cyclone precipitator interposed in the argon 
circulating system is very effective in 
collecting the products of reaction and for the 
purpose of cleansing die argon from minute 
dust particles which it entrams. 115 

What we claim is: — 

LA process for the production of pure 
titanium or zirconium which comprises react- 
ing the tetrachloride of the required metal in 
the vapour phase and in the presence of a 120 
moving inert gas with te vapour obtained by 
volatilizing magnesium, mi passing the 
reaction products while entrained in die inert 
gas through a zone suffidendy cool to solidify 
the magnesium chloride before the partides 125 
are allowed to settle. 

2. A process as claimed in Qaim 1, wherein 
the inert gas employed is argon. 

3. A process as claimed in Claim 1 or Claim 

2, wherein the inert gas is employed as a 1E5Q 
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vehicle to carry one or both of the reaction 
ingredients into the jeaction zone and to carry 
the reaction products away therefrom. 
4. A process as claimed in Claim 3, whecein 
I the inert gas is employed as a vehicle to carry 
the magnesium vapour forward diroi^ a 
venturi and into a ireaction vessd to meet a 
current of titanium or zirconium tetraddadde 
vapour. 

10 5. A process as claimed in any (me of the 
preceding claims, wherein the process is carried 
out in a closed cyde by passing the inert gas 
continuously through a jet above a venturi 
throat arranged in the top of the reaction 

16 vessel situated in an outa vessd containing 
the boiling magnesium and by passing the 
titanium or zirconium tetrachloride into the 
reaction vessel below die venturi, the reaction 
producds being removed from time to time 

20 through an argon lock from a collecting vessel 
situated below the reaction vessel and the 
inert gas being circulated through a condens- 
ing system to separate any titanium or zir- 
conium tetrachloride and then re-cyded 

tb 6. A process for Che productirai of piire 
titanium or zirconium, substantially as 
desaibed with reference to tiie accompBaying 
drawing, 

7. Pure titanium or zitomium wbenever 
30 produced by the process as daimed in any one 
of the preceding daims. 

" • caarying out the process 



claimed in any <me oi C 
ing ■ ■ 



; an upright reaction vessd <rf 
ater height 



greater height than width, the upper part of U 
whidx is surrounded by a dosed outer VKsel 
for holding boiling magnesium, said reaction 
vessd ccmverging at the top above the levd 
of the molten magnesium in die outer vessd 
in a venturi tiiroat and disposed centraUy 40 
above the latter, an inlet pipe passing throi^ 
the cover ot the outer vessel and terminating 
in a nozzle, said inlet pipe being connected to 
a supply of argon, the said reaction vessd being 
also provided with an inlet for jdtaniflm or 4B 
zirconium' tetrachloride passing &ough the 
sides of the outer vessd and the reaction vessel 
and terminating within the latta- at a point 
bdow. the venturi throat, the lower part of 
the reaction vessel opening into a coding 60 
vessel and. receiver, the said coolii^ vessd or 
the receiver being provided with an outlet for 
carrying away argon and excess - titanium or 
zirconium tetradilcdde. 



for carrying out tiie process 56 
tf Claims 1 to 6, SI ' 



smt<£ 



9. 

daimed m, 
tiallyas 

panying drawing. 



For the Applicants: 
F. J. CLEVELAND & C02WPANY, 
Chartered Patent Agents, 
29, Southampton Buildings, Chancery Lane, 
London, W.C.2. 



PROVISIONAL SPECIFICATION 
Improvements in or relating to the production of Pure Titanium 
and Zirconium 



We, Joseph Peppo Levy, a Turkish 
D Citizen, of 1, Kathleen Avenue, Acton, 
London, W.3, David Babry Pickabo and 



tetradiloride. Thus it has been previously 
obtain titanium by reacting mag- 
witb titanium chloride in accord- 



'f* ^"'^ Subjects, and anee with the formula 2Mg+Tia=2MgCL 
both of 223. St. Tohn Street. Txmdon. 'R r i. -I-t; k.» .u. -ti *!jif 



both of 223, St. John Street, London, E.C.1,. 
do hereby dedare tiiis inventiaa to be 
86 described in the following statement:— 



mvmtion rdates to lie piodijctiott of nesinm and magnesium diloride. 



+Ti by_ introducing the titanium chlOTide 90 
vapour into molten magnesium, titanium 
being retained in a maxtrix of unreacted mag- 



titanium and zirconium metals in a.high state octremdy difficult, however, if not impossible, 
°^ P™ty- , . . ..: ^ remove all ocduded titanium tetradiloride 

vapour, and in the subsequent leaching of the 



__i zirconium are readily pro- 

70 duced in the form of volatilizable dilorMes by 
direct reduction o£ their ores with carbon in 



mass with hydrochloric add to remove 

, , , - — . — unreacted magnesium, this residual tetia- 

the presence of chlorme, but the production of chloride vapour is hydrolised, giving titanic 
the pure metals ftom the chlorides is a matter add. Moreover the leaching it^elfB a diffi- 100 
cult operation to carry to completion and the 
titanium obtained b^. this process usually con- 
tains at least 1 % of impurities, mainly because 
of the difBcuIty of leaching_ the solid matrix. 
The use of hydrochloric add may also intro- 106 



the pure metals ftom the chlorides is 
of TOnsiderable diflSculty owing to the great 
75 affinity of the metals for other substances, 
more particularly for thdr affinity for both 
the oxygen and nitrogen oi the atmosphere 
and carbon and hydrogen as reducing agents. 



Even traces of unpurities, particularly oxygen duce fresh impurities, since the hydrogen 
and mtrogen, may render the metals brittle liberated may dso form titanium hydride md 
and unworkable and of mudi less commercial impurities in the sted normally used for lining 



value, although the metals are of great utility 
when in the pure condition.- 
Many processes have prevlooBly beesi 
i gested for obtaining pure titanium JBrom Se 



die diamber maj introduce, fiirtha hnpaa- 
ti«i especially carbon, whidi ctmtaminate the 110 



It has now been found that 
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ziiconium can be produced in a high state 
puiity without encountering Ae difScuIties 
above referred to if the reaction is carried out 
in die vapour phase in the presence of an inert 
6 gas (viz. one of the noble gases, in particular 
argon, helium or neon, on account at thdr 
availability) to act as an emrainment and effect 
the rapid removal and separation of the pro- 
ducts of reaction. 

10 It viU be shown hereinafter tliat die 
en^yment of a vapour phase reaction in oon- 
juncdon with an inert ^ entrainant not only 
avoids the difficulties mtfaerto encountered in 
obtaining pure titanium or zirconium, but also 

11 carries widi it many advant^es which could 
not have been foreseen. 

Accordingly, in its broadest aspect the 
present invention includes the process for the 
production of pure titanium or zirconium 
20 which comprises reactmg the tetrachloride at 
die required metal entirdy in die vapour 
phase and in die presence of an inert gas, with 
magnesium vapour and separating mech- 
anically the titanium or zirconium metal par- 
25 tides formed from the magnesium chloride. 

The inert gas serves as a vehide to carry 
the vapours forward so that when the latter 
reaa diere is no interruption to the ianmd 
movement The importance of this will be 
80 seen when desaibing me invention specifically. 

The inert gas employed may conveniendy be 
argon on account of its availability. 

The higher temperature of reaction pro- 
vides a condition of greatly increased chemical 
35 activity. Moreover by reducing the tetra- 
chloride with a metal vapour the reaction 
becomes practically quantitative because at 
that temperature lie products of reaction Ti 
or Zr+MQa (M= reducing metal) are in die 
40 solid and liquid phases respectively and can 
thus be separated by physical means. This 
removal of the reaction products as rapidly as 
they are formed ensures that the reaction pro- 
ceeds to completion and all the metal vspom 



is consumed, leaving no residual matrix to be 46 
disserved out as is die case wfam cooducdqg 
die reduction in the liquid ph^. Further- 
more the vapour phase reaction using an 
entraining gas enables a continuous process in 
a closed cyde to be carried out fO 

The magnesium chloride may be submitted 
to dectr<dysis, bdng in die mhydrous ccm.- 
ditioD, and the magnesium formed may be 
returned to die process and die dilorine used 
for preparing fresh tetrachloride. 55 

It will be ^predated that in view c£ die 
affinity of all die metals concerned for bodi 
Qx^en and nitrogen it is necessary to replace 
all air in the apparatus by the inert gas before 
commencing die operation. 60 

The products obtained by the process ot 
the invention are of exceptional purity, partiy 
for die reasons akeady given, and partly 
because the employment of an inert gas main- 
tains an inert atmosphere in the apparatus so Q5 
diat there is no detrimental action on the walls 
of the apparatus or on the products d reacticm, 
as is the case in a liquid phase reaction. Msxe- 
over impurities whidi may be contained in die 
reducing metal employed, or which it may 70 
pick up from the containing vessd, will fa« 
left b^ind in the latter, and parts of die appa- 
ratus which would come in contact widi hot 
tetrachloride vapour would be likely to suffer 
from corrosicm, whereas by diluting this 75 
vapour with an inert gas this is avoided. 

It is also a substantial advantage of the 
process of the invention that the magnesium 
chloride is obtained in a form in which it can 
be immediately^ recovered instead of in die |0 
form of a solution which may be too espea- 
sive to recover economically and yet be omer- 
wise difficult to dispose of. 

For the Applicants: 
F. J. CLEVELAND & COMPANY, 
Chartered Patent Agents, 
29, Southampton Buildings, Chancery Lane^ 
London, W.C.2. 



Leamington Spa; Fruited for Her Majesty's Stationery Office, by the Courier Press, — ^1956. 
PubliBhed at The Patent Office, 25, Southampton Baildings, London, W.C.2, from wtueh 
copies may he obtained. 
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COMPLETE SPECIFICATION 

Process for the Production of Titanium 



We. Farbenfabrikeh Bayer Akiie»ks- 
SELLSCHAFT. of Lcvericusoi-Bayeacwezi:. Qa- 
many, a Body Corporate otsanised under 
B Laws (rf Gennany. do hereby declare the 



hereb includes magnesiuoL The separated 
titanium is then suspended in the liquid al- 
kali metal oc alkaHne-earth metal halide 



simultaneously fanned, settles 
ml^Kf ;i°'J!f'V* satisfadotSy in the said mdt and caTSsO 

may be granted toM. and the method by pumped off from the houndarTlaw be- 
which it B to be performed, to be partico- tweSthe Uqoid anoymgnSiKnd'Se 

kaU metal <a alkalme-earfli metal haUde 



, _. a r' veawaeA. to be particu- 

laily described m and by the fdlowing state- 
ment: — 

10 The iwesent invention relates to a process 
for the production of titanium. 

It is known that titanium halides can be 
reduced with alkali or alkalin&«artfa metals 



AU titanium halides, but preferably 55 
titamum chloride, can be used for the pre- 
- The amount thoeof which is 



?''^ahn«arth metab added to the reduction metal is preferably 
m order to obtain titanium The reaction is such that the latter remains hi 



15 generally carried out by {dadng the alkali 
or alkaline-earth metal in a 



OTder to avoid refwmation of titanium chIo- e9 

^ ^ • • noc in Qie alkali or alkaline-earth metal 

tojhe rweauwi temperature (rf 700- chl^de melt auuc-cana meiai 



9WC. and tl»n introducmg the titanium 
halide. using aigon as a protective gas. The 
zObtanium which is fcrnned separates out in 

°fil5^«?- ^"~2f « dissolved in liquid ^nTSdmiW 

redwrtwn. Oere is also formed alkaU metal lead or a mixture thert»f and air^*«n« 

haMe or alkaBne^aath metal.halide which tiSuum, hSfa ttSto inS^STS 



The process may be carried out, for ex- 
ample as follows: 
The reducti<n metal, for example mas- 65 



- - — Muawuau XNUIUf^ 19 lUCXdUlCT 111110011060 

form of a melt at the reac- the reaction temperature, which is in the 
anH „ r,.n ^ ...u ^ f^,^ irtriiuction of tiSaiid 70 

halide can be carried out with all tedmical 



is present in 

25tion temperature and is run off tfaroudi _ 
able devices after the reaction is WMnploted. 
The halide which remains contained in the 
titanium sponge in addition to excess reduc- 
tion metal is to a large extent distilled off 

30 by heating the reaction vessel under vacuum. 
After this treatment, the titanium sponge is 
so finnly set in the reaction vessel that it 
has to be removed widi the aid dt mechani- 
cal devices such as milling devices or drills. 

35 It has now been found that die reduction 
of titanium halide can be carried out tech- 
nically in a substantially more snnple 
manner if the reduction metal. i.e. alkali or 
alkaline-earth metal or metals, is used in the 

40 form of an alloy with zinc, cadmium or lead 
or a mixture ot two or all off these metals, 
which alloy is liquid at the reaction ten>- 
perature. and if the gaseous titanium halide 
is introduced into ffiis liquid alloy 
45 The term alkaluie-earA metal a 
riWce 3/61 



devices known for snch pmposes. One pre- 
ferred method consists in mat the 



aa used 



titamum cfalcside is foiced into the metal 
melt through a botttai i^te whidi is per- 75 
meable to gas. 

The sgnrated titanium is mpended in 
die alkah or alkaline-earth metal cMraide 
melt being smiultaneously fonned m the re- 

settles therein and may be pumredSO 
off ftTJm the boundary layer between the 
alloying metal and the clarified alkaK or al- 
kaJine-earth chloride mek. The alloy is ad- 
witageously covered frcan fte outset wifli 
the corresponding chlraide. for example car- 85 
nallite. 

The further working up process may con- 
sist m allowing the titam'um-craitainiiu sus- 
pensiOTwhich is pmiped aSt to se«& and 
then filtering off the titanfami. The filter cake 90 
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containing titanium may be freed from the covered with a carnallits melt. Thereafter, 
excess melt and the reductiofl and alloying titanium tetrachloride is introduced through 
metals, by heating the said cake, tea example the porous base of the vessel. During the re- 
in a vacuum furnace heated by radiant heat action, there aie formed 203 gm. of mag- 
5 The pure titaniiun sponge can be melted nesium chloride and about 52 gm. of tita- 70 
down in the usual manner. nium metal in po\vd«r form, which settles 

One particular advantage of the process in the cornaliite melt and is removed as a 
according to the invention consists m that suspension. The titanium suspension is fil- 
tiie process may also be carried into effect tered, the filter cake is liberated from excess 
lOcootmuously. lo this case, the alloy, con- mdt and alloy metal in a vacuum furnace 75 
sisting of the reduction metal and die allOT- which is provided with radiation heating and 
ing metal, is preferably prepared extemaUy the titanium which is obtained is melted 
of the reaction vessel and the liquid alloy down in the usual munner in an arc furnace, 
is caused to flow continuously through the Example 2. 

ISreacticm chamber. The alloy, which issues A sodium chloride-calcium chloride melt 80 
frcHn the reaction chamber and of which the containing about 25'^-. of NaCl and 75% 
content ct reduction metal is to a large ex- ai CaCl. is electrolvsad in a suitable electro- 
tent consumed, can be ce-introduced into lysis cell resulting in the hourly production 
the orde again after adding &esh reduction of 90—100 gm. of sodium and correspond- 
20 metal. ing equivalent of cafcium in the liquid 85 

The ciiculation of (be alloy may dther be cathode which consists of cadmium metal, 
effected with the aid of induction cuirents. The cadiode' metal flows over wdrs into a 
which at the same tune serve far heating reaction vessel, in which the reduction metal 
purposes, or by mechanical means similar is reacted with gaseous titanium tetrachlor- 
25 to uiose known in connecticm with the cir- ide. and then Clows back into the cell. The 90 
cuhiticn of metallic meicuire in alkali metal temperature in the electrolysis cell is 600— 
cbloiide dectndysis cells. The liquid cathode 650 °C. 190 gm. of gaseous titanium tetra- 
metal in this case prdfetaUy runs over weirs, chloride per hour are introduced into the 
so that the electrolysis shidge is retained in reaction vessel through u gas permeable base 
30 the cell. Cram whkh it may be extracted from fiats. The amount of titanium tetrachlroride 95 
time to time. corresponds approximately to the amount of 

In one preferred form ai the process ac- reduction metaJ which Is hourly produced, 
cording to the invention the reduction metal When it enters the reaction vessel, the 
is pToouoed in the required amount directly cathode metal contains about 5% of the re- 
85 within the alloy metal by fuaon electrolysis, duction metal, and about OS to 1% thereof 100 
usuig the liquid alloy metal as cathode. The on leaving the said vessel. In the reaction 
dectrolyte used may consist of alkaline-eaith vessel. 48 gm. of titanium separate hourly 
or alksdi metal chlorides or mixture thereof as titanium powder and 240 gm. of cbmmm 
or other fusion electrolytes, which can be salt or corresponding calcium chloride equi. 
40 electrolysed to yidd the alkaline-ea^ ot valenls are produced in the same period. The 105 
alkali metal wiA which the titanium com- current density in the electrolysis cdl is 
pounds are to be reduced. 28.000— 30.000 amp. 'm*. and the current 

The Jtitanium suspension fanned in the eflSciency 90—55%. The titanium suspen- 
mdt 01 the alkaline-earth or alkali metal sion which separates in the reaction vessel 
45 chlorides may also be pumped off contino- in the alkaline-earth metal or alkali metal 110 
oaAy or intermittaitly. and can be woricnl chloride mdt is extracted by vacuum &om 
np accordine to the nocess indicated above, time to tune from the reaction vessel, al- 
An additional advantage of the presoit lowed to settle and filtered. The filter cake 
process lies in the fact that tiie beat <rf re- omtalnmg titaninm is fed to a radiation fur- 
50 action liberated daring Ae redaction may nace operated with vacuum. In this furnace. 115 
be dissipated suitable coolmg means the remaining mdt and reduction metals are 
dtinu during ckculation of the alloy or of distilled oB. The titanium which is obtained 
the mdt. By tiiis means, it is posrible to is thereafter melted down in an arc furnace 
produce a high reacticm velodty. At the same in the usual manner. All operations aie car- 
55 tim^ it is also possible in a simpte manno' ried out with exclusion of air. 120 
to contrd and regulate die maintenance of . ExA.\fPLE 3. 

the reqaired excess of reductira metal with The procedure followed in this example 
respect to the titanium halides. is in pnnci{de the sams as that describol in 

If necessary, the i^ocess can also be car- Example 2. Zinc is used instead of cadmhun 
eoried into effect wifli exclusion (rf air or in an as the aHoy metal and magnesnim is dectro- 125 
inert gas atmosphere. lyjed into tiie zinc from a camallite melt 

ExAMn.B 1. 53 gm. d magnesium are separated out 

2000 gm. of cadmium are melted and 52 every hour and tiiis is reacted in the reaction 

Sof m«gneshnn are added to tliis mdt cdl with the theoretical amount of titanium 
metal mdt is Iieatad to 600"C and tetracfaloride. 204 gm. of magnesium cfalo- 130 
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ride and 51 gm. of titanium metal are formed 
eo* hour. The tempoature in the electro- 
lysis ctsU is 700.75O°C As in ExaS2! 
the opwation is carried out wi& an excess <rf 
5 magnesium metal which remains m the cvcte. 
What we daim is:— 
1. A process for the production of titanium 
tran titanium halide by redaction wiA 

10 least aae alkalme-carth or alkali metal is dis- 
solved in zinc, cadmium or lead or a mix- 
ture of two or all of these metals to fonn a 
liquid alloy and the titanium halide is intro- 
duced into this liquid alloy. 

15 2. A process as claimed in Claim 1. where- 
in tbo hqmi afloy is covered with an alkali- 
earth ot aDcali metal chloride mdt from 
which the titanram formed is pumped ofL 
3. A process as chimed in Claim 1 or 2. 

20wherera the process is carried oat ron^ 

tinnrmslv 



4, A MXKess as claimed in any of Claims 
I to 3. wherein an excess of alkali or alkaline- 
eara metal is used m reJation to the titanium 
nalide, 25 
. ^* A a» claimed in Claim 1. where- 
m the afltali or alkalinjxarth metal is direcdy 
deposited in the alloying metal by fusion 
electrolysis. 

6. A process for the production erf tita-30 
mum bom titanium halide substantiallv as 
descnbed with referaace to any of the 
Examries. 

7. Titanium whenever produced by the 
^ess claimed in any of the precedmgas 
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(54) SCREW PRESS 
(57)Abstract: 

PROBLEM TO BE SOLVED: To provide a screw press 



whicii may be operated under an increased supply 
pressure on tfie raw material to be treated. 
SOLUTION: This screw press has a filter cylinder 1 and 
a screw 2 inserted and disposed therein and has the 
functions to discharge the separated liquid outside 
through the peripheral wall of the filter cylinder by 
compressing the raw material to be treated supplied into 
the filter cylinder 1 by the screw 2 and to discharge filter 
cake outside from the spacing part 3 formed at the front 
end of the filter cylinder 1 . The screw press has a 
pressurizing chamber 5 which encloses the spacing part 
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(a) formed at the front end of the filter cylinder 1. The pressurizing chamber 5 has a 
pressurized gas supply port and a filter cake discharge port. 
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* NOTICES * 

JPO and NCZPI are not responsible for any 
damages caused by the use of this translation. 

I .This document has been translated by computer. So the translation may not reflect the original 
precisely. 

2.**** shows the word which can not be translated. 
3. In the drawings, any words are not translated. 



CLAIMS 



[Claim(s)] 

[Claim 1] By having the screw by which insertion arrangement was carried out in a filtration cylinder 
and its interior, and squeezing with a screw the processed raw material supplied in the filtration cylinder 
In the screw press which has the fimction to make a supernatant liquid discharge to the exterior through 
the filtration cylinder circumference wall, and to make a filter cake discharge to the exterior firom the 
gap section formed at the tip of a filtration cylinder (i) It is the screw press characterized by to have the 
pressurized room which stirrounds the gap section formed at this tip of a filtration cylinder, and (ii) this 
pressurized room having pressurization gas supply opening and a filter cake exhaust port. 
[Claim 2] The screw press of claim 1 which has a differential pressure regulatory mechanism for 
adjusting the differential pressure of a processed feeding pressure and pressurized-room internal 
pressure. 

[Claim 3] Claim 1 which has the amount distribution measurement device of filtrate in which the shaft 
orientations of a filtration cylinder were met, or 2 screw presses. 

[Claim 4] The screw press of claim 3 constituted so that the rotational firequency of a screw might be 
controlled according to the amount distribution of filtrate in alignment witii the shaft orientations of a 
filtration cylinder. 

[Claim S] One screw press of claims 1-4 whose screws are what does not have a screw wing in the point. 



[Translation done.] 
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JFO and NCIPI are not responsible £or any 
damages caused by the use o£ this translation. 

1 .This document has been translated by computer. So the translation may not reflect the original 
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3. In the drawings, any words are not translated. 



DETAILED DESCRIPTION 



[Detailed Description of the Invention] 

[0001] 

[Field of the Invention] This invention relates to a screw press. 
[0002] 

[Description of the Prior Art] The screw press is known as a filter for filtering the mixture (slurry liquid) 
of a solid particulate and a liquid. When this screw press has the screw by which insertion arrangement 
was carried out in a filtration cylinder and its interior and a processed raw material is supplied to them 
fi-om feeding opening of that filtration cylinder, that processed raw material That rotation screw 
squeezes, the supernatant liquid produced by this squeezing is discharged outside through the bore of a 
large number formed in that filtration barrel wall, and, on the other hand, the filter cake produced by that 
squeezing is extruded and discharged fi"om the gap section for filter cake discharge formed at that tip of 
a filtration cylinder. By the way, although such a screw press is usually operated under ordinary pressure 
thru/or pressurization, the filtration velocity in this case improves, so that that processed raw material 
supply pressure becomes high. However, if the supply pressure became high too much, since a part of 
supematant liquid would produce the so-called liquid omission phenomenon leaked with a filter cake 
firom the tip gap section, even if the supply pressure was high, about [ 0.5kg/cni2 ] G were a limit. 
[0003] 

[Problem(s) to be Solved by the Invention] This invention makes it the technical problem to offer the 

screw press which can be operated by the raised processed raw material supply pressure. 

[0004] 

[Means for Solving the Problem] this invention persons came to complete this invention, as a result of 
repeating research wholeheartedly that said technical problem should be solved. Namely, by according 
to this invention, having the screw by which insertion arrangement was carried out in a filtration 
cylinder and its interior, and squeezing with a screw the processed raw material supplied in the filtration 
cylinder In the screw press which has the function to make a supematant liquid discharge to the exterior 
through the filtration cylinder circumference wall, and to make a filter cake discharge to the exterior 
fi-om the gap section formed at the tip of a filtration cylinder (i) The screw press characterized by to 
have the pressurized room which suirounds the gap section formed at this tip of a filtration cylinder, and 
(ii) this pressurized room having pressurization gas supply opening and a filter cake exhaust port is 
offered. 
[0005] 

[Embodiment of the Invention] The screw press of this invention is explained in fiill detail with a 
drawing. Drawing 1 shows the explanation block diagram of the screw press of this invention, drawing 1 
— setting — 1 — a filtration cylinder and 2 ~ a screw and 3 ~ in processed feeding opening and 4, a 
filtrate uptake member and 21 show a screw wing, and, as for a presser and 5, a shows the gap section 
for filter cake discharge, as for a pressurized room, and 11-15. The filtration cylinder 1 usually becomes 
a peripheral wall fi-om the metal barrel which has many bores. A screw 2 consists of ****** which has 
the spral screw wing 2 1 . That shaft diameter becomes large towards that point, and, as for this screw 2, 
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is squeezed by such big pressure that a processed raw material goes to the point of a filtration cylinder. 
The screw shaft 22 is attached to a screw 2, the edge of the screw shaft of one of these is connected with 
Motor M, the screw shaft of the another side penetrates the core of a presser 4, and the edge is supported 
by bearing 10. A presser 4 is the board of a truncated-cone configuration, arrangement immobiHzation is 
carried out at tip opening of the filtration cylinder 1, and the armular space section a for filter cake 
extrusion discharge is formed between the periphery edge of the presser, and a filtration cylinder internal 
surface. By advancing a presser 4, the clearance between tihie gap sections a (path clearance) can be 
narrowed, and the clearance between the gap sections a can be ****(ed) by on the other hand reversing 
it. This thing is not illustrated, although the pressure regulatory mechanism of the common use which 
consists of cylinders operated with pneumatic pressure or oil pressure is attached to that presser 4 in 
order to make a presser 4 ** approximately. The screw press which consists of a presser 4 arranged by 
the above mentioned filtration cylinder 1, the screw 2 arranged in the interior, and tip opening of the 
filtration cylinder is conventionally well-known. 

[0006] In such a screw press, if a processed raw material is supplied fi-om the feed hopper 3, the 
processed raw material will be fed by rotation of the screw 2 by Motor M in the direction of a tip in the 
inside of a filtration cylinder. In this case, since it has expanded as the shaft diameter of a screw 2 goes 
in that direction of a tip, a processed raw material will be squeezed by the bigger pressure. The liquid in 
a processed raw material is separated by this squeezing, this sejunction water flows into the exterior as 
filtrate through the bore of a large number formed in the peripheral wall side in that filtration cylinder, it 
decreases toward the direction of a tip of a filtration cyUnder, and fi"om the filtration cylinder tip gap 
section a, a filter cake is extruded and the Uquid content in a processed raw material is discharged. As it 
is the above, when carrying out the expression of the processed raw material and separating into filtrate 
and a solid-state, the solid-liquid-separation rate can be raised by raising the supply pressure of a 
processed raw material. However, if this supply pressure becomes high too much, the liquid omission 
phenomenon which a supernatant liquid leaks through the detailed opening in the filter cake which 
exists in the tip g^ section of that filtration cylinder will come to arise. When such a liquid omission 
phenomenon comes to arise, it becomes impossible to aheady perfonn smooth soHd liquid separation. 
Therefore, the conventional screw press is operated by the processed raw material supply pressure which 
does not produce the liquid omission phenomenon, usual, and the supply pressure 0.5kg/cm2 or less. 
[0007] Even if the screw press of this invention raises and operates a processed raw material supply 
pressure, as shown in drawing 1 , it is characterized by having the pressurized room 5 which surrounds 
the tip gap section a of the filtration cylinder 1, so that said liquid omission phenomenon may not arise. 
This pressurized room consists of proof-pressure containers, and especially that configuration is not 
restrained. Pressiu-e gas supply opening is formed in said pressurized room 5, and the pressure gas 
supply line 6 is cormected wifli the feed hopper. Moreover, the fiUer cake exhaust port for discharging to 
outdoor the filter cake discharged firom the gap section a is arranged in this pressurized room 5, and the 
filter cake exhaust pipe 9 is connected with this exhaust port through the filter cake discharge device 8. 
This discharge device 8 can consist of a closing motion bulb for making the filter cake in a pressurized 
room discharge to outdoor, and can make an indoor filter cake discharge to outdoor by that 
disconnection. The conventionally well-known solid matter discharge device in which it is used as such 
a cake discharge device in order to discharge the solid matter in a tank to the exterior is employable. 
[0008] When carrying out filtration processing of the processed raw material usmg the screw press of 
this invention, pressure gas is supplied in a pressurized room 5 fi-om the pressure gas supply line 6, the 
differential pressure between the internal pressure force and supply pressure of the processed raw 
material is held in the predetermined range, and generating of the liquid omission phenomenon through 
the filter cake which exists in the gap section a is made to control. As pressure gas in this case, various 
kinds of gas, such as nitrogen gas, air, and carbon dioxide gas, is used. The pressure in a pressurized 
room 5 is selected corresponding to a processed raw material supply pressure, and, generally the 
pressure of the range of a pressure to a pressure [ low about 0.5kg/cm2 ] high about 0.5kg/cm2 and the 
range of a desirable pressure to a pressure [ lower about 0.3kg/cm2 than the supply pressure ] high about 
0.3kg/cm2 is chosen fi-om the supply pressure. Moreover, the supply pressure of a processed raw 
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material is usually more than 0.1kg/cm2G preferably more than 0.01kg/cm2G. Moreover, the upper 
limit of the supply pressure is below 3kg/cm2G preferably below 5kg/cm2G. In the case of the screw 
press of this invention, it is usually desirable to operate it by the supply pressure of 0.1-3kg/cm2G. 
[0009] In the screw press of this invention, in order to make the pressiu-e in a pressurized room 5 
correspond automatically to a processed raw material supply pressure, it is desirable to make the 
differential pressure regulatory mechanism A coimect. The pressure adjustable valve 7 which attached 
the differential pressure regulatory mechanism A to the pressure gas supply line 6 in drawing 1 , While 
connecting with the pressure sensor attached to the pressurized room 5, and the pressure sensor attached 
to the processed feeding tubing 16 and detecting the processed raw material supply pressure and 
pressurized-room internal pressure Based on the detected pressure force, the pressure adjustable valve 7 
attached to the pressure gas supply line 6 is operated, and the differential pressure between pressurized- 
room 5 intemal pressure and a processed raw material supply pressure is automatically adjusted to 
predetermined within the limits. The thing of common use is used as a differential pressiu-e regulatory 
mechanism A in this case, and a computer etc. can constitute. 

[0010] In the screw press of this invention, the supernatant liquid produced by squeezing of a processed 
raw material flows out of the peripheral wall side of the filtration cylinder 1 into the exterior as filtrate. 
In this case, the solid-state concentration in a filtration cylinder is changed in accordance with the shaft 
orientations of that filtration cylinder, and it is distributed so that it may increase toward that direction of 
a tip. In order to carry out stable operation of the screw press, it is desirable to operate so that this solid- 
state concentration distribution may be kept constant. In order to hold said solid-state concentration 
distribution uniformly, it is effective to adjust the rotational frequency of a screw so that the flow rate 
distribution in aligiunent with the shaft orientations of the filtrate which flows out of the peripheral wall 
of a filtration cylinder may be measiured and flow rate distribution of this filtrate may become fixed. In 
drawing 1 ,11,12, 13, 14, and 15 are uptake members which carry out uptake of the filtrate which flows 
out along with the longitudinal direction of the filtration cylinder 1 . The thing of arbitration is usable if it 
is the thing of the container configuration which can carry out uptake of the filtrate which flo\ys out of a 
filtration cylinder as this uptake member. Although the filtrate by which uptake was carried out to each 
of these uptake members is fiuther discharged and collected fi-om that uptake member outside, in order 
that it may acquire the flow rate distribution over the shaft orientations of the filtration cylinder of 
filtrate in this case, the flow rates Yl 1, Y12, Y13, Y14, and Y15 per [ by which uptake was carried out 
to each uptake member ] unit time amount are measured, respectively. Measurement of this filtrate flow 
rate can be measured with the flowmeter connected to the filtrate exhaust pipe coimected with each 
uptake member. The flow rate in this case may be any of capacity or weight. Those hydrometry values 
are sent to the filtrate flow rate distribution measurement device B as an electrical signal, and flow rate 
distribution is measured here. Moreover, this filtrate flow rate distribution device B has (he function to 
adjust that flow rate distribution, and the rotational fi-equency of Motor M is adjusted so that the flow 
rate distribution which this measurement flow rate distribution was contrasted with the flow rate 
distribution defined beforehand, and was measured may be in agreement with that flow rate distribution 
defined beforehand. Although the number of installation of a filtrate uptake member is suitably defined 
according to the die length of the filtration cylinder 1, generally it is two or more pieces, and is three or 
more pieces preferably. 

[001 1] In the screw press of this invention, it is desirable to use the screw which does not have the screw 
wing 21 in the point of a screw. When using for the point of such a screw the screw which omitted 
arrangement of a screw wing, a non-wing band without a screw wing is formed in the point of a 
filtration cylinder. When this non-wing band acts as a consolidation band of a cake, gathers the 
rotational speed of a screw and filtration velocity is raised, since a filter cake is compressed into shaft 
orientations into this non-wing band and the shadft-orientations consistency of that cake rises, a hquid 
omission phenomenon is prevented effectively. Therefore, the raw material supply pressure raised more 
is employable. In this invention, it is the distance which met the medial axis of a screw towards the back 
end of a screw firom the tip (tip of a filtration cylinder) of a screw, and it is good to consider as the non- 
wing band which does not have a screw wing preferably in the between to the location of the arbitration 
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within the limits of 5-30cm from the screw tip to the location of the arbitration within the limits of 5- 
50cm. 

[0012] The screw press of this invention is applied as a filter (solid-liquid separator) of the various 
mixture containing a liquid and a soUd-state. The mixture of a waste plastic particle and a hydrocarbon 
oil, the water slurry liquid containing a solid particulate, the aquosity slurry Uquid of a seed that extracts 
and contains the mixture of ** and fats and oils, water sludge, and a calcium carbonate are included by 
such mixture. The screw press of this invention may be which format of a ** type and a horizontal type. 
[0013] 

[Example] Next, an example explains this invention to a detail further. In addition, % shown below is 
weight %. 

[0014] It considered as the example 1 plastic-waste model, and the plastics mixture which consists of 
1% of polyvinylidene chlorides, polyethylene terephthalate:S%, and ABS-pIastics:4% was crushed 
polyethylene:35%, polypropylene: 30%, polystyrene:20%, and polyvinyl chloride:5% in the shape of a 
particle (average dimension: about 20mm). Next, the mixture (mixed weight ratio =1/0.9/0.6) of 
polyethylene, polypropylene, and polystyrene was added at a rate of 20 weight sections to the pyrolysis 
light-oil 100 weight section pyrolyzed and obtained, and this debris was heated for 30 minutes at 130 
degrees C under churning. By this actuation, it dissolves and a part of polyvinylidene chloride dissolves 
the polyethylene, polypropylene, and polystyrene in debris. On the other hand, a polyvinyl chloride, 
polyethylene terephthalate, and ABS plastics remained in the solution by the shape of a non-dissolved 
particle. Filtration processing was carried out using the screw press of the structure which showed this to 
drawing 1 , using the solution containing this non-dissolved plastics particle as a processed raw material. 
In this case, that processed raw material supply pressure was set to lkg/cm2G, and the pressure of a 
pressurized room was set to lkg/cm2G. In said filtration processing, the filter cake of a plastics particle 
was smoothly discharged &om the gap section a at the tip of a filtration cylinder, and the liquid omission 
phenomenon was not produced at all. Moreover, uptake of the solution containing the plastics as filtrate 
was carried out to the filtrate uptake members 11-15. The filtrate capacity by which uptake was carried 
out to each uptake member was measured, and the filtrate flow rate distribution map to the shaft 
orientations of a filtration cylinder was created. Flow rate distribution of filtrate performed filtration 
processing by said screw press by adjusting the rotational frequency of Motor M so that it might be in 
agreement with this flow rate distribution map. 

[0015] In example 2 example 1, from the tip before 50mm experimented using the screw which does not 
have a screw wing, using ttie thing of lOOmm of diameters of a screen as a screw of the screw press of 
this invention, using the solution containing a non-dissolved plastics particle as a processed raw 
material. Consequently, even when the rotational speed of a screw was doubled and filtration velocity 
was gathered to the screw which has a screw wing to a tip, as shown in the following table, it was not 
generated at all but the liquid omission phenomenon was able to perform efficient filtration actuation. 
This is based on the degree to which consolidation of the filter cake is carried out rather than the case of 
an example 1 by the point in a filtration cylinder increasing by removing the point of a screw. 
[0016] 
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[0017] Filtration processing was performed like the example 1 using the water slurry liquid which 
contains a calcium-carbonate particle (pitch diameter of 20 micrometers) 20% as an example 3 
processed raw material. In this case, the processed raw material supply pressure was set to 3kg/cm2G, 
and pressurized-room intemal pressure was set to 3kg/cm2G. Also in such conditions, filtration 
actuation was able to be performed smoothly, without producing a liquid omission phenomenon. 
[0018] 

[Effect of the Invention] according to the screw press of this invention ~ the supply pressure of a 
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processed raw material - liqxiid omission phenomenon student **** — high filtration velocity can be 
obtained from the ability for it to hold highly without things and to be operated. Therefore, in this 
invention, though it is small, the screw press of high throughput can be obtained. 



[Translation done.] 
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PROBLEIVI TO BE SOLVED: To provide a method for producing titanium 
of higti grade and stable quality extremely small in ttie content of 
impurities such as chlorine and magnesium by which the content of 

oxygen in titanium can stably be controlled, and additionally, impurities 
in sponge titanium can efficiently be separated.; SOLUTION: In this 
method for producing titanium, sponge titanium powder (preferably, 
sponge titanium powder for reseparation) with the average particle size 
of 1 to 50 mm and titanium oxide powder are mixed, and the powdery 
mixture is subjected to heating treatment under the reduced pressure in 
a heating vessel 1 to produce titanium oxide powder-sintered sponge 
titanium powder in which the titanium oxide powder particles are sintered 
around the sponge titanium powder particles, and, after that, the titanium 
oxide powder- sintered sponge titanium powder is dissolved to produce 
titanium in which the content of oxygen is controlled, in the case of 
sponge titanium powder for reseparation, impurities are efficiently 
separated and removed into a cooling condenser 2. 
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A Method For Continuously Manufacturing a Metal Titanium 

Brief Explanation of the Draw^ings 

The figure is a vertical cross-sectional view of a working example of the present 
invention. 

Detailed Description of the Invention 

The present invention relates to a method for continuously manufacturing a metal 
titanium in which a liquid alkali metal or alkali rare earth metal, alone or in a mixture of 
two or more, is injected along with liquid titanium tetrachloride into a reaction chamber 
from a nozzle at a relatively low temperature, a reduction reaction is conducted at a low 
temperature between 700°C and 900°C, which is above the melting point of the 
chloride reductant, using only the heat from the reaction, the titanium mixture is 
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collected in slurry form containing molten salts, a tap device is heated or cooled to 
transfer the product to a vacuum heat furnace, and vacuum distillation is performed. 

In the present invention, a liquid alkali metal or alkali rare earth metal, alone or in a 
mixture of two or more, is injected along with liquid titanium tetrachloride and an inert 
gas such as argon if desired from a concentric double nozzle in spray or stream form 
into a reaction chamber purged with an inert gas such as argon, and a reduction 
reaction is performed. 

The melting points of the alloy metal reductants are shown in the following table. 



Melting Points 





Mg 


Ca 


Na 


K 


Alone 


650OC 


850''C 


97.5'C 


es.s'c 


Alloys 


Na-K Alloys (Liquid at Temperatures Below 50<>C) Na 3 ~ 75% 


Ca Mg Alloys (Uquid at Temperatures Below 500'C) Ca 75 - 82% 


Ca Mg Alloys (Liquid at Temperatures Below 600'C) Ca 8 - 23% or 70 ~ 85% 



The Na obtained by direct electrolysis of table salt contains Ca 1% and has a melting 
point around 150°C. 

This can be introduced into the reaction chamber at a temperature between room 
temperature and 600°C. The heat from the introduction of an alloy containing a 
substantial amount of an alkali metal or alkali earth metal at 500*>C or more initiates the 
reaction. The heat from the reaction then maintains the temperature inside the reaction 
chamber between ZOCC and SOCC, which is above the melting point of the chloride 
reductant. The temperature is then lowered to between 700»C and 800»C to extract the 
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metal titanium and molten salt mixture produced by the reaction. Because of the 
difference in specific gravity, the metal titanium precipitates out of the molten salts. The 
molten salt supernatant is then removed, and the metal titanium slurry on the bottom is 
extracted. The metal titanium is discharged to a vacuum heat furnace heated by a tap 
device and the temperature inside the vacuum furnace is raised to between 1200°C 
and ISOO'C. The unreacted salts are evaporated, and the metal titanium is condensed 
and removed. Metal titanium can be continuously manufactured using a reduction 
reaction and extracted by switching between two vacuum furnaces. 

In the present invention, tiie titanium tetrachloride and metal reductant used to produce 
the metal titanium in the reaction can be supplied to tiie reaction chamber at a low 
temperature. The natural heat from the molten metal spray Initiates the reaction. The 
heat from the reaction itself tiien serves as tiie source of heat for the reaction. The 
temperature can be adjusted by changing the amount of reaction materials injected Into 
the reaction chamber Because the metal titanium produced by the reaction is 
extracted in slurry form mixed with molten salts, it is easy to handle. A metal titanium 
with a high degree of purity can be manufactured easily and economically. It can also 
be manufactured continuously because none of the materials contaminate the walls of 
the chamber. 

The following is an explanation of tiie method of the present invention with reference to 
the drawing. 

In tills method, a heat-resistant metal or metal alloy such as a stainless steel-titanium 
alloy is added to a metal titanium reduction fumace 2 that has sidewalls 1 tiiat expand 
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from the top towards the middle 3 and then nan-ow towards the bottom 4. The 
expanded middle keeps the temperature of the reaction product from dropping much 
and the bottom collects the reaction product and the molten salts while keeping the 
temperature constant. Liquid (or gaseous) titanium tetrachloride is injected from a 
concentric double nozzle 5, 5 with the liquid reductant. The tube 6 in the middle 3 of 
the reaction chamber is used to adjust the pressure inside the reaction chamber and 
purge the atmosphere inside the reaction chamber. The top hole 7 is used to extract 
the molten salts, and the tap device 8 is used to remove the titanium slurry precipitate. 
The heating and cooling of the precipitate by the tap device starts and stops the 
introduction of the precipitate into the vacuum heating furnace 9. This furnace is 
attached to the bottom 10 of the reaction furnace by a support means, and is made of a 
material that does not react with the product from the reaction furnace and is pressure- 
resistant so as to allow the gas pressure inside the furnace to be adjusted. 

The titanium tetrachloride and a sodium-potassium (Na 50%) alloy are injected into the 
50-1 reduction fumace via the nozzle in the cylindrical top section. The atmosphere 
inside the reaction chamber is purged with argon gas from the tube 6. The 500*C 
titanium tetrachloride and m.olten sodium-potassium alloy spray provides natural heat. 
The amount is adjusted so that the natural heat coupled with the heat from the 
reduction reaction keeps the temperature inside the reaction temperature around 
900*C. A slurry of molten salts and titanium powder is collected at the bottom of the 
reaction chamber. The metal titanium precipitate is introduced to the vacuum heat 
fumace beneath the reaction chamber via a stainless steel tap tube heated to 800<*C. 
When the tap tube is cooled with water, the salts in the tube solidify and stop the flow 
of the reaction product into the vacuum heat fumace. When the vacuum heat fumace 
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is heated to between 1200'>C and 1300°C, the residual sodium chloride and potassium 
chloride evaporate and pass through the discharge tube 11 to the salt solidifying 
device. At the same time, the vacuum heat fumace is cooled and the metal titanium is 
solidified and extracted. About 172 g of titanium is obtained from 800 g of titanium 
tetrachloride and 530 g of sodium-potassium alloy. Two vacuum heat furnaces can be 
used intermittently as part of a continuous manufacturing process. 



Claims 



As explained in the specification and the drawing, the present invention is a method for 
continuously manufacturing metal titanium in which titanium tetrachloride and a 
reductant are injected into a reaction chamber with an inert atmosphere to produce 
metal titanium and salts, wherein a liquid alkali metal or alkali rare earth metal, alone or 
in a mixture of two or more, is injected along with liquid titanium tetrachloride into a 
reaction chamber from a concentric nozzle at a temperature between room temperature 
and 700*'C, a reduction reaction is conducted at a temperature between 700*'C and 
900*'C, which is above the melting point of the chloride reductant, using only the heat 
from the reaction, the metal titanium and molten salts are collected in slurry fonn, a tap 
device is heated or cooled to transfer the product to a vacuum heat fumace, and 
vacuum distillation is performed. 
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English translation of JP-B S31-007808 

Method for continuously producing netal titai^lum 

BRIEF DESCRIPTION OF THE DRRWINGS 

FIG- 1 is a vertical sectional view illustrating one 
embodiment of the present invention. 
DETAILED DESCRIPTION OF THE INVENTION 

The present invention relates to a process for 
continuously producing titani\m metal, comprising the steps 
of concurrently injecting a liquid of an alkaline metal or 
an alkaline earth metal or a mixture thereof and a liquid 
or vapor of titanium tetrachloride into a reaction chamber 
at normal temperatures or a relatively low temperature 
through a nozzle; allowing them to perform reduction 
reactions at relatively low temperature of about 700 to 
900." C, which is higher than the melting point of chloride 
of a reducing agent, only by their reaction heats; 
collecting a mixture of titanium and salts produced in the 
form of a slime, below a molten salt; and heating or 
cooling a tapping device to transfer the mixture* to a 
vacuum furnace so that the mixture is subjected to vacuum 
distillation. 
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In the present invention, the reactions of reduction 
are carried out by injecting, as a nebulosus or gasecnis 
state, a liquid of an alkaline metal Or an alkaline earth 
metal or a mixture thereof simultaneously with a liquid or 
vapor of titanium tetrachloride mixed with or without argon 
into a vapor zone of inactive gas such as argon in the 
reaction chamber through a nozzle composed of coaxial 
double tubes. In that case, since the reducing agents for 
metals have melting points listed below, they can be 
introduced into the reaction chamber at a teiqperature 
ranging from normal temperature to 600 tD. 
Melting point 

Mg Ca Na K 

Metal mp. 650 850 97.5 63.5 

Alloy Na-K alloy 

(Range of alloys being a liquid at a temperature 
of 50° C and below) 

Na 3~75 % 
Ca-Mg alloy 

(Range of alloys being a liquid at a tenqperature 
of 500° C and below) 

Ca 75~82 % 



lYAMAftPARTNCRS 2a00C1 OAI SB t^l) 1 6 : 32/'nUA: SO/SCSMBSOOSBSTSS P 



(Range of alloys being a liquid at a temperature 
of 600° C and below) 

Ca 8~23 % 
Ca 70~85 % 

Note: Sodium produced by direct electrolysis of 
sodium chloride contains approximately 1 % of Ca, and its 
melting point is about ISO * G. 

Further, the reduction reactions may be initiated by 
introducing an alloy (into the chamber) to cause them self- 
activation, said alloy containing a large quantity of the 
alkaline metal or alkaline earth metal and being heated to 
a temperature of 500 °C and above. Then, the temperature 
in the chamber is maintained by their reaction heats to a 
temperature of about 700 to 900 "C, which is higher than 
the melting point of the chloride of reducing agent. Then, 
titanium metal and molten salt or mixed salts produced by 
the above reactions are allowed to fall in a collecting 
portion kept at about 700 to 800 t, and the mixtures of 
titanium metal and the salts are allowed to respectively 
precipitate to the bottom of the molten salt due to 
difference in specific gravity. The molten salt thus 
precipitated in the collecting portion and titanium metal 
precipitated below the molten salt in the slime form are 
taken out through respective outlets. 
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In that case, titanium metal is produced by introducing the 
titanium metal into a vacuum furnace by heating a tapping 
device, heating the vacuvun furnace to 1200 to 1300 "C to 
remove the salt and nonreacted metal by vaporization, and 
then collecting powdered titanium metal only after its 
agglutination. By alternately replacing the vacuum furnace 
with another one, it is possible to continuously produce 
titanium metal without interruption of reduction reactions. 

According to the present invention, therefore, it is 
possible to supply reactants of the metal- reducing agent 
and titanium tetrachloride to a reaction chamber at 
extremely low temperatures when carrying out reactions for 
production of titanium metal. The initiation of reactions 
is carried out by self-ignition caused by injection of 
molten metal. Also, it is sufficient to use the reaction 
heats as a heat source required for reactions. In addition, 
the temperature control can be done freely by controlling 
the injection quantity of the reaction materials. Also, 
since the produced titanium metal is mixed with the molten 
salt and stored in the form of slime below the molten salt, 
it .is easy to handle the products as well as to prevent 
foreign matters of internal wall of the reaction chamber 
from getting into the reaction products. 
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Thus, the present invention makes it possible to easily and 
economically achieve continuous production of titanium 
metal with high purity. 

The method of the present invention will be explained 
below with reference to the accompanying drawing. 

Firstly, one embodiment of the titanium metal 
reduction furnace used in the process of the present 
invention will be outlined below. A furnace wall 1 is made 
of a heat-resisting metal or alloy such as stainless steel, 
titanium or titanium alloy. The furnace includes a 
reaction chamber 2 located at an upper portion, an enlarged 
furnace bosh 3 located at a middle portion, and a furnace 
bottom portion 4 kept its temperature constant to keep 
salts of reaction products in a molten state and tapered 
toward the bottom to collect reaction products therein. 
The furnace is provided at it top with a coaxial double 
tubular nozzle 5, 5' for concurrently injecting a liquid 
(or vapor) of titani\im tetrachloride and a liquid of the 
reducing agent into the chamber from the top of the furnace. 
The furnace is also provided at the furnace bosh 3 with a 
pipe 6 for control of the internal pressure of the furnace 
and for replacement of atmospheres in the vapor zone. 
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The furnace is provided at its lower portion with a 
tapping hole 7 for taking out the molten salts, and a 
tapping device 8 for talcing out the slurry of precipitated 
spongy titaniiiffi. The tapping device 8 allows the 
precipitate to start or stop the flow entering, into a 
vacuum heating furnace 9 by heating or cooling a conduit 
connected thereto. 

The furnace is wholly housed in a steel shell 10 
serving as a supporting device and its internal gas 
pressure is equilibrated with that of the shell 10 to allow 
the furnace material to hold oxidation resistance and 
pressure resistance . 

The nozzle for injecting titanium tetrachloride and a 
sodium-potassium alloy (Na 50%) is provided on the top of 
the furnace body like a bomb with an internal volume of 50 
liters, the atmosphere in the furnace is replaced with 
argon gas through the pipe 6. Then, the reduction reaction 
is carried out by injecting titanium tetrachloride first by 
spraying and then injecting the molten sodium-potassium 
alloy heated to 500 " C to ignite the furnace by itself, 
and controlling the injection quantities so as to keep the 
internal temperature of the furnace to the vicinity of 
900 • C. 
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By continuing the reduction reaction, a mixture of molten 
salts and powdered titanium in the form of slime is 
collected below the molten salt in the bottom portion of 
the furnace, and introduced into the underneath vacuum 
heating furnace through the tapping conduit as it is. Then, 
the inflow of the reaction products is stopped by cooling 
the tapping conduit with water to solidify the salt flowing 
through the conduit. In the vacuum furnace, the reaction 
products are heated to 1200 to 1300 " C to evaporate the 
sodium chloride £uid potassium chloride r em ained therein as 
the molten salts, which are then introduced into a 
condensing device through a pipe 11. Simultaneously 
therewith, sponge titanium is agglutinated and stabilized. 
Then, titanium metal is taken out by cooling the vacuum 
furnace. Use of 800 g of titanium chloride and 530 g of 
sodium-potassium alloy yielded 172 g of sponge titanium. 
By using plural vacuum furnaces and replacing the vacuum 
furnace with another one, the reaction is carried out 
continuously. 
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Claim: 

A process for continuously producing titanium by 
introducing titanitim tetrachloride and a reducing agent 
into an inactive gas zone in a reaction chamber to react 
them with each other so as to produce titanium and a salt, 
said process comprising the steps of concurrently injecting 
an alkaline metal or an alkaline earth meteil in a liquid 
phase or a mixture thereof, heated to a temperature of from 
a normal teiq>erature to 700° C, and titanium tetrachloride 
in a liquid or vapor phase from a coaxial tubular nozzle 
into the reaction chamber to cause spontaneous ignition; 
maintaining the temperature in the reaction chamber at a 
temperature of substantially 700 to 900* C not lower than 
the melting point of the chloride of the reacting agent by 
using only the reaction heat of the reduction; collecting a 
mixture of the titanium and the salt produced in the form 
of slime in a lower side under the melted salt; and heating 
or cooling a tapping device to thereby transfer the mixture 
to a vacuum heating furnace so as to be subjected to vacuum 
distillation. 
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Cited Reference 1 
(JP-B S3 1-007808) 
What is claimed is: 

A process for continuously producing titanium by introducing 
titanium tetrachloride and a reducing agent into an inactive gas zone in 
a reaction chamber to react them with each other so as to produce 
titanium and a salt, said process comprising the steps of concurrently 
injecting an alkaline metal or an alkaline earth metal in a liquid phase or 
a mixture thereof, heated to a temperature of from a normal temperature 
to 700°C, and titanium tetrachloride in a liquid or vapor phase from 
coaxial tubular nozzles into the reaction chamber to cause spontaneous 
ignition; maintaining the temperature in the reaction chamber at a 
temperature of substantially 700 to 900°C not lower than the melting 
point of the chloride of the reacting agent by using only the reaction heat 
of the reduction; collecting a mixture of the titanium and the salt 
produced in the form of slime in a lower side under the melted salt; and 
heating or cooling a tapping device to thereby transfer the mixture to a 
vacuum heating furnace so as to be subjected to vacuum distillation. 



Cited Reference 3 

(JP-A S49-042518/1974) 

What is claimed is: 

A process for producing titanium tetrachloride by supplying a raw 
titanium material and a reducing substance to a fluidized chlorinating 
furnace and introducing a chlorine-containing gas to chlorinate the raw 
titanium material at a temperature of 900 to 1 lOO^C while being 
fluidized, characterized in that the chlorine-containing gas is introduced 
so that the superficial linear velocity of the gas in the furnace (based on 
the reaction temperature) becomes 5 to 20 cm/ sec, and that the amount 
of the chlorine-containing gas is increased so that the superficial linear 
velocity of the gas can intermittently achieve a value 1.2 to 3 times larger 
than said superficial linear velocity (5 to 20 cm/sec). 
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Titanium tetrachloride fluid bed prodn - the loss of material reduced by 

lowering the linear velociQr of reactive gases 
Patent Assignee: ISHIHARA SANGYO KAISHA LTD (ISHH ) 
Number of Countries: 00 1 Number of Patents: 00 1 
Patent Family: 

Patent No Kind Date ApplicatNo Kind Date Week 

JP 49042518 A 19740422 197433 B 

Priority AppKcations (No Type Date): JP 7286673 A 1972083 1 

Abstract (Basic): JP 49042518 A 

Fluidized Ti-contg. material and C are treated in a furnace with 
Cl-contg. gas (linear velocity 5-20 cm/sec.) at 900-1000 degrees C. The 
velocity is gradually increased to 1.2-3-fold. In an example, Ti 
material 32-200 mesh >99% contg. Ti02 96.3 and Fe203 14% 28.0 and petr 
coke 20-80 mesh >99% contg. 96-98% C 6.5 kg/hr. were introduced into a 
40 diam. x 150 cm cylinder and treated with 1/min CI 197, O220, and 
N235 at 15.6 cm/sec velocity and 328, 34, and 59 at 25,9, resp., for 8 
and 2 min, resp. Cany-over of the Ti material was 2.5% and 5.2% reso. 
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ABSTRACT : PURPOSE: To dehydrate sludge with high dehydrating power by disposing a filter cylinder 
for cxxnpressive dehydration of the sludge irtto evacuation chambers and evacuating the 
inside of said chambers to desired pressures according to the characteristics of the sludge 
to be dehydrated. 

CONSTITUTION: The half on the high-pressure side of the filter cylinder 1 and the half on 
the low-pressure side thereof are disposed into the respectively segmented evacuation 
chambers 17. The chambers 17 are made evacuatable by the respectively regulated 
suction forces to be generated by vacuum pumps 20. The pumps 20 in such constitution 
are driven to evacuate the inside of the chambers 17 to the desired pressures and a 
variable speed motor 1 1 is driven to rotate a screw shaft 3 at a desired speed. The sludge 
charged through a sludge feed port 12 is passed through a compressing passage 7 and 
while the sludge is gradually compressed by the screw shaft 3, the sludge is moved 
toward an outlet 9. by which the sludge is dehydrated: at the same time the sludge is 
dehydrated by the evacuation. The dehydrated sludge is dropped through the outlet 9 into 
a sludge dropping path 16. 
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(54) MANUFACTURE OF METALLIC TITANIUM 

(57)Abstract: 

PURPOSE: To control the contamination of formed 
metallic Ti by the elements of the vessel material 
by introducing an inert gas into the space over the 
bath surface in a vessel to pressurize the space to 
specified pressure when TiCI4 is supplied onto the 
bath surface of molten Mg in a cylindrical steel 
vessel through a piping means. 
CONSTITUTION: A cylindrical steel vessel 3 is 
furnished in an electric heating furnace 1, metallic 
Mg is packe into the vessel 3, an inert gas is 
supplied into the space of the furnance and the 
vessel 3, and the Mg is heated and melted by a 
heater 2. Then TiCI4 is blown from a supply pipe 6 
onto the part around the center of the bath surface 
of molten Mg, and allowed to react with the Mg to 
deposit metallic Ti and MgCI2. Sponge metallic Ti is 
recovered in this way. At this time, the pressure of 
the inert gas in the space over the bath surface in 
the vessel 3 is kept at >about 0.5kg/cm2 gauge 
pressure to carry out the reaction. Consequently, 
the reaction proceeds mainly at the part of the bath surface distance from the wall surface, 
and the contamination of deposited metallic Ti by the elements of the vessel wall material is 
controlled. 




http://»nAwl9JpdlJnpit.gojp/PAl/resulVdetail/main/wAMI>«aWMJDA361 (1 of 2) [12/17/2008 10:47:28 AM] 



Searching PAJ 



Page 1 of 1 



PATENT ABSTRACTS OF JAPAN 



(1 1 )Publication number : 64-047823 
(43)Date of publication of application : 22.02.1989 



(51)Int.CI. 




C22B 34/12 




(21)Application number 


62-203159 


(71)Applicant 


TOHO TITANIUM CO LTD 


(22)Date of filing : 


17.08.1987 


(72)Inventor : 


OKUDAIRA SHIGENORI 








IRIE TAKEFUMI 








UCHIDA HIROSHI 








FUKAZAWA HIDEKAZU 








KOBAYASHI KAZUHIKO 








YAMAGUCHI MASANORI 



(54) PRODUCTION OF METALUC TITANIUM 

(57)Abstract: 

PURPOSE: To improve the velocity and efficiency of the 
reaction at the time of reducing titanium tetrachloride with 
a reducing metal by setting the temp, in a reactor at the 
melting point or above of the reducer, etc., and the pressure 
In the reactor at the vapor pressure or above of reducing 
metallic chloride. 

CONSTITUTION: The temp, in the reactor 2 charged with 
reducing metallic chloride is retained at the melting point or , 
above of the reducers metal and metallic chloride. The 
pressure in the reactor 2 is furthermore retained at the 
vapor pressure or above corresponding to the above- 
mentioned temp, of said chloride. Gaseous titanium 
tetrachloride is poured into the reactor from a feed tube 1 2 
equipped on the lower side of a molten bath of said chloride. 
The reducing metal is then fed from a feed tube 1 3 
equipped on the upper side of said molten bath to bring 
titanium tetrachloride into reaction with the reducing metal. 
Generated metallic titanium is then continuously extracted. 
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A Process for the Manufacture of Titanium 

The present invention pertains to a process for the manufacture of titanium 
by reduction of titanium tetrachloride with nnolten alkali or earth alkali metals, or a 
mixture of these metals. 

Titanium has until now essentially been manufiactured according to the so- 
called Kroll process consisting of letting titanium tetrachloride drip down into the 
molten magnesium. This process with appurtenant apparatus is originally describ- 
ed in US Patent no. 2,205,854. A series of patents has later been granted for vari- 
ous modifications of the original Kroll process. Examples of such patents are: 

US Patents nos. 2,564.337; 2,567,837; 2,607.674; 2.621,121; 2.647,826 
and British Patent no. 638,840. 

More recently the reduction of titanium tetrachtoride with sodium has also 
gained increasing use, and a number of patents has been granted for various 
processes and apparatus which use sodium as reducing agent. An example of a 
patent of this type is British Patent no. 717.930, con^espondlng to Nontvegian 
Patent no. 84,847. 

However, for the time being neither the Kroll process nor methods using 
sodium as reduction agent can produce titanium at prices which allow a general 
use of the metel as a constructional material, and it is therefore of great import- 
ance that experiments for developing improved production processes be carried 
out. 

The present invention relates to a process for the reduction of titanium 
tetrachloride by means of molten alkali or earth alkali metels. or a mixture of these 
metals. 

The improvements achieved by the present invention are. when conqjared 
with known methods and apparatus for tiie manufacture of titanium by thermal re- 
duction of titanium tetrachloride, for tiie first that ttie reaction products by means of 
the centrifugal force are continuously removed from the reaction zone, whereby 
the hazard to fomiation of lower titanium chlorides is eliminated or possibly demin- 
ished, and for the second that the process makes the continuous manufacture of 
titanium possibi . 

In US Patent no. 2.395,286 it was previously suggested to use a centrifuge 
in connection with a process for the manufacture of titenium by alumino-thermal 
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reduction of titanium dioxide. According to this pat nt. the titanium resulting from 
the reduction and which is in a liquid state. Is to be s parated from the oth r re- 
action products by centriftjgation. However, as titanium In molten state attacks all 
known ceramic materials, it is scarcely likely that the process suggested in the 
said US Patent could deliver a sufficiently pure titanium. In all processes which 
aim at the manufacture of ductile titanium and where thermal reduction is used, it 
must be considered to be very important that the reduction is effected at so low a 
temperature that the titanium does not attack the materials in the reactor. 

In the process according to the invention, titanium is manufactured by re- 
duction of titanium tetrachloride with a molten alkali or earth alkali metal, including 
magnesium, or a mixture of these metals, and the process is carried out in ih way 
that titanium tefrachloride is infroduced into the nrolten reduction agent which is 
located in a centrifuge rotating with a speed so that the titanium resulting from the 
reduction and the fbmied alkali or earth alkali metal chloride are separated from 
the molten reduction agent thereby that the reaction products by the cenfrifiigal 
force are pressed against the wall of the centrifuge, whereupon they are removed 
therefrom. 

The centrifuge being used is, according to a first embodiment, cylindrical 
and provided with a scraper device for ttie removal of the reaction products. The 
centrifuge can also according to a further embodiment be given a conical shape so 
that the reaction products are continuously removed thereby that they glkie up- 
wards along the wall of the centriftjge and are then flung out therefrom. 

The centiifuge is ftjrther suitably heated by means of elecfrical heating ele- 
ments enclosed in the wall of the centiifuge. The titanium is continuously or dls- 
continuously charged below or over the surface of the reduction agent in ttie cen- 
trifuge. The reduction agent is also continuously or discontinuously in solM or mol- 
ten state charged into the centrifuge. 

The centiifuge with appurtentant supply lines and optional scraper device is 
built into a room wherein an inactive atiriosphere. e.g. argon, can be maintained. 
Th supply lines and the scraper device as well as themrwcouples for the reading 
of th temperature and electrical conduits for the heating of the centrifuge are gas- 
tightly passed through the walls of the room in which the centrifuge is situated. The 
same applies of course to the shaft of the centrifuge as the drive means for the 
centrifuae is arranoed outsidn thn nas.finht rnnm 
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In Figures la and 2 there are, in s ction. schematically shown two efitoodi- 
ments of apparatus for the carrying out of the process. 

A centrifuge a with a cylindrical design (Fig. 1a) or conical design (Fig. 2) 
and which rotates with variable speed on the vertical hollow shaft f, contains the 
reduction agent b. The centrifuge is constructed of heat resistant steel covered on 
its interior with a layer of the same material or a layer of molybdenum, tungsten or 
tanthalum or of a ceramic material, e.g. aluminium oxide. The exterior of the centri- 
fuge is provided with electrical resistance heating. The resistance wire is covered 
by a layer of insulation mass. The insulation mass is kept in place by an outer 
mantel. The supply of electrical energy for the heating is effected through the hol- 
low shaft provided with sliding contacts (these are not shown in Fig. 1a or Fig. 2). 
Through the tube c, which is arranged axially in relation to the centrifuge and 
which can be moved vertically, the supply of titanium chloride vapour or a mixture 
of titanium tetrachloride vapour and argon is effected. The lower end of the tube c 
has radially ananged outlet openings. A thenmocouple g which indicates the tem- 
perature in the metal during the reduction is attached to the tube c. The supply of 
reduction agent is effected through the tube d. The material of the supply tubes c 
and d is heat resistant steel. For the removal of the reaction products, the cylin- 
drically designed centrifuge (Fig. la) is provided with a movable scraper e. In Fig. 
1 b, the scraper e is drawn seen from the side and from above. The scraper is con- 
structed of heat resistant, perforated steel plate and is designed so that it can glide 
tightly along the bottom and walls of the centrifuge and collect the reaction pro- 
ducts simuttaneousiy with the straining off of the major amount of entrained reduc- 
tion agent The whole centrifuge is built in into a gas-tight room constructed of heat 
resistant steel. This room is provided with passages for the shaft f, the supply tube 
c and d, the scraper e, thermocouple g and an outlet tube for argon. The shaft f, 
tube c and scraper e are movable in gas-tight, cooled bearings. On the bottom of 
the gas-tight room is a larger opening which permits the emptying of the reaction 
products. 

The process according to the invention will be particulariy well suited for a 
reduction of titanium tetrachlorid with sodium. B cause of this, a more explicit 
report will be giv n below regarding in what way this reduction can be carried out 
in ttie apparatus described in the foregoing. 

The fdlowina ohvsicai data is nf imnnrtannA tn thA mrtuHinn- 
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Density 


Melting point "C 


Boiling point "C 


Na 


0.97 


97.5 


880 


NaCI 


2.165 


801 


c. 1450 


Ti 


4.5 


1660 




TiCU 


1.73 


-30 


136 



The process for reducing titanium tetrachloride with sodium will then briefly 
be as follows: 

The gas-tight room containing the centrifuge is filled with argon by means of 
the supply tube c. During the further reduction process a little excess of argon is 
maintained. The centrifuge is then heated to a temperature somewhat below the 
temperature at which the reduction is to be effected. Through the tube d molten 
sodium is added, the tube c with the thennocouple g Is lowered into the molten 
metal and the centrifuge is heated to the temperature at which the reduction is to 
be carried out. The reduction with sodium is effected at a suitable temperature in 
the temperature range 100-700°C. The centrifuge is then set into rotation and the 
mixture of argon and titanium tetrachloride is pressed into the melt through the 
outlet wholes in the tube c. Reduction to metallic titanium takes place momentarily 
and the reaction products titanium and sodium chloride are by the centrifugal force 
pressed upwards against the wall of the centrifuge, while novel amounts of titani- 
um tetrachloride and sodium are charged. 

The further process will be dependent on which of the two types of centri- 
fuge that is utilised. In a centrifuge with cylindrical design, the supply of titanium 
tetrachloride and sodium time must be stopped after a certain, the speed of the 
centrifuge is decreased and the scraper e is lowered along the wall of the centri- 
fuge. Under slow rotation the reaction products are scraped off from the wall and 
bottom of the centrifuge and are emptied of the rim down into the bottom of the 
surrounding gas-tight room. The reduction process can then be started again. 

In a centrifuge of conical design, the reduction proceeds continuously, as 
the reaction products contaminated with entrained sodium slides upwards along 
the wall of the centrifuge and are then flung off. 

Th titanium manufactured, mixed with sodium chloride and entrained sodi- 
um, is coll cted at the bottom of the gas-tight room. In this gas-tight room or in an- 
other gas-tight room filled with argon, the excess of sodium is removed thereby 
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that the mixture is centrifug d at a suitable temperatur , e.g. ISQ-C. in a centrifuge 
with cylindrical perforated walls. The sodium removed in this way can be re-used 
for reduction of titanium chlorid . The titanium mixed with sodium chloride and 
possible remnants of sodium are removed from the centrifuge, purified by leaching 
with water and diluted add and is at last melted down in a voltaic arch fumace. 
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Pat nt Claim 

1 A process for the manufacture of titanium by thermal reduction of titanium 
tetrachloride by means of molten alkali or earth alkali metals, or a mixture of these 
metals, characterised in that the reaction is carried out in a centrifuge rotating with 
such speed that the titanium resulting from the reaction and the formed alkali or 
earth alkali metal chloride are separated from the molten reduction agent thereby 
that the reaction products by means of the centrifugal force are pressed against 
the wall of the centrifuge, whereupon they are removed therefix>m. 

2. A process according to daim 1 , characterised in that the centrifuge is 
cylindrical and that it for removal of the reaction products is provided with a 
scraper device. 

3. A process according to claim 1 . characterised in that the centrifuge has a 
conical design so that the reaction products are continuously removed thereby that 
they glide upwards along the wall of the centrifuge and out from the centrifuge. 

4. A process according to claims 1 to 3. characterised in that the centrifuge is 
heated. 

5. A process according to claims 1 to 4. characterised in that the centrifuge is 
built in into a room where an inactive atmosphere is maintained. 
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CnOCOB MjETAJIJIOTEPMMqECKOrO nonyiEKHJI 
nOPOUJKOB TVrOnAABKMX METAJIJIOB . 



HaotSpereuHe othocutcx k npoHSBoacTBy do- 
poinuoB TyronviaBKiix meraJWOB .MeTa-LiprepMH- 

neCKUM BOCCTaHOBiieHHCU. 

HaBecTCH cnocofi MeT8,i.ioTepMit<tecKcro no- 
•lyieiiua nopoiUKoa TyironflaBKiix wera-vioB, »a« 

U.1iO>(aiQU{HliCfl B TOM, <tTO SOCCTaKOB.ieiSMe X.10- 

pHAa, HanpHMep TMr«Ha, ocyuecmiBiOT iteTa^A- 
j»o«-BoccTanoBiiTMeM. HanpiiMep uarnneM, npn- 
qeM npouecc bbavt npu HenpepuBHOft uRpityjiH- 
UMU WMaKocTK BOccraHOBMTeJR B o6pa3yx>iae^ 
rocR xaofitna, no.iy<ieHHyio cycneHSKio noponiKa 
B Met«,i,ie-BoccT«HOSHTMe yxtJiftioT HS peaK- 
Tppa. 

np«a.->araeMZ>tii cnocoS orinqaeTcn or Ma- 
BecTNoro TeM, vro, c ue.ibio noaumeiiHS oaho- 
poAHOCTM nopotuKB H npeffOTBpaiueHNK ocbjkab- 
HRn MacTMU Ma creHKax peatnopa. ocyiaecTBJix* 
• KIT HanptAaeHHyn laipityaaiuno Nera;iAa-Boc- 

CT«H08RTe.1«. KOTOpfUa B BHAB CTpyH nOABlOT B 

pcBRaMOitNyio SONY HBBcrpeiiy napau xoopRAa. 
ti DpMieec B0ceTaBOB4eKB5i npOBOjMT na nosepx- 
MocTH cQpaavioiuitxcB K HaxoAXUHxcfl so Baae- 
BteuHOH COCTOBHKU <iacTRU-sapo;iiiiuiefi TyrooJiaB-^ 
Koro MBTajiJia ao ttx nop, noxa yxpyiiMeHiiMe 
iiaCTHtud nox sefiCTBHCM rpaBKTaaHonnux ciui 
He yxoaxr b otctoAkhk. oricyAa hx yaaaxnT m3- . 
no2 C.10B xiuKoro xnopHon MeTaA.i8-BodeTiHO' 

. Ha wepTtxe Bso6pa»BBa cxeMA yerAttoinni. 



na KOTopoft Moxcer GuTb ocyiuecTB.ieii npejJia' 
rasMUft cnocoG. 

CnocdQ ocymecTB^ifleTcn ciejyioiuuu oOpa- 
aoM. 

5 - TKmakhIi MCTs;ij]-BQccTaitoBHTe.ib, uanpiiMep 
MarBHfi, noaaWT ns KOT;ia-orcioftH!iKa / » pe- 
aKUHoiiHyio KBwepy 2. c. ngMoiuMo ueiiTpoSexc- 
iioro Hacoca 3. npuqeM Merajui noaaioT b peaK- 
UKOHHyio XBiiepy 2 b BtiAe nenpepuBHo iiHpKy- 
»0 jiHpy«itteft aepTHKa^ibiioa cTpya. HaBCTpe^y 
CTpye nocrynaiOT naptt x.iopiua TyronjiaBKoro 
' uerajiaa. uanpMKep veTMpexxjiopHcroro THiaHa. 

B peaxniiOHRoft aone nponcxoAHT oSpasoaa- 
IS tiHe qacTHa-aapOAumeft Tyrpiuiaaiforo utnajia 
.H aa.ibHefttaiift npoiiecc 80CCTaKOB.iieHH5i napo' 
o6pa3HO.-o XJiopRAB npOTexaeT r.iaaHbix o6pi%- 
aoM M« DoaepxHOCTH TBepAofl '^aau. Pocr 3i- 
poAuiueA nopetuKB npoiicxoAHT npeMMyuiecTBeH- 

MO BO BpeMB npO.TOXAeHMX HX HtftS peaKHKOit- 

Hyn KBMepy 2. 

06paaoBaBniMecR oacTHiUii b CTpye khakofo 
MersAAB HaxoA«tTcn bo BaaeuieiiHOM coctonrrii 
n iienptpHBiio inipKyjinpyipT, b iieft ao rex nop, 
" noxa He AOctHrnyr onpeAftnewHorb pasnepa. llo 
uepe yxpyniieiiHR ohh ocflxcAaiorca noA AeftcT- 
BReK rpaBXTaoHOHHUX aut b hhjkrioio nacTb 
xoTAa-oTCToftHHKa /. PaSMcp Hacrna nopotuxa 
onpeAexxBTCB cooTHomenHeM cxopocTH hx oca- 

n JKAeKHB K CXOpOCTH SHpXyJIBUHH MeTa^Aa-soc- 



craHOBKTejin, h nosTOMy Moxer pery;iHpoBtTb- 
cij,«3MeHeiiHeM KparaocTH UHpKyflimHK. 

TaKHx ogpasOM, npeiMiaraeMaii TexnojiorHR 
ofiecneqHBAcT nojiyqcHne nopomicoB OAiiopojiHO- 
ro rpaMy;ibMeflrpH«iecKoro cocraBa, He coflepxa- . 
mero nHpo4»opHMX (}>paKUHft. 

- OcesmBft nopoiuoK ryronAaaxoro MeTa;i;ia, 
HanpRMep rKxaRa, cxannHsaeTcx b uiOKKeft ^a- 
CTH K0T.ia-OTCToftiiHKa / noj[ cioeu ^KHAXOrO 
;uopncTaro MeTaflJia-BoccraHOBHTe/ia, iianp«Mcp 

MtrHHit, OTtcyAa on BMrpyxcae-rcR c nOMOUibio 

oiHeKa 4: _ 

ripHMep. 2—2,5 lu iKHAKoro MarHHsi no- 

■ jtam B npftSBapHTeAbHO »anoAHeuHuft. aproHOX 
k HarpeTU* ao TeMneparypu 700*C kotm-ot- 
CTOftHHK /, sflTCM BKjjioiaiOT netiTpo6exHb!& iia* 

. coc 3 M peryflHpyiOT mhoio o6opOTOB raKHM o6-. 

paSOM, 4T06U (^OlITBHHpyCMiilft XCHjIXHif MarUHR 

He jiocTBrafl kpmuikh peaicuHOHiioft KaMepu 2. 
flaviee TetpaxJiopwj THTana noaam c xaKoii 
Cicopociiio, vTodu peaKUiiff BoccranoBJieHHti b 
ccKOBiiOM npoxcai<;ia s cpesHeA <(acTH peaKUH- 
oHHbft KaMepv 2. 0 no.-io<KeiiHH peaKauoHHofl 

■ 30IJU MO^KHo cyitHTb no noKftBBitJiUM TepMonap, 
pacno.ioH(ci(ni>ix ua paa^iiiviioii BucoTe peaKiw* 
OHHofi KaMepu 2. 

B 30ue npoxojKaeiiKR peaKUHH psasHBaerCB 
HiBH(Jo,iee BbicoKan TeMnepaT>'pa. 

Ho Mepe HaKonAeriiifl ruranoBoro nopoiuKa 
noA.ctoeM x/ioptiCToro warttHsi era BurpyiKBioT 
utNeKOit. 4 B npmMi[MK, a a KoreA-OTCTofttiKK / 
' iriDaaiOT uoBym nopuHto Maritnii. 

fi Ta6.iHue npiiBeAeii rpanyyiOMBTpimecKHA 
cocras paa.iHHnbi.\ oOpaauoo rnTanoBoro no- 



. poiiixa, nojiyqcHHoro no npeAnaraeHoHi rexHO- 
..«orBB. 
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Cnoco6 MerajiJiOTepMnHCCKorO' . j^KryMCHitB 
nopooiKOB ryronJiaBKMX MeTSJJiOB Bb£CTaiiOB;ie- 

20 IIHCM HX X.aOpHaOB UHpKy;iHpyi01UHM }KHAKHM 
MeTaAIOM-BOCCTaHOBHTeVieM, OTAUHOiqtHU&CX TBM, 

<iTo, c ucibn noBwiaeiiiiH oiHopoaHbcTH nopoux- 
ka H npeaoTBpameHMJi oca3K4eHH« wacTHU Ha 
creiiKax peBKropa, uHpKy.iffUHH noABepram ms- 

A Ta.<lA-8OCCTaU0BHTeAI>, KOTOpblH I BltAe cTpyii 

noAam a pesKuiiOHHyio aoriy HaBCTpeny napaM 
X;iopBAa, H npouecc B0CCTaHOB;ieH>ti> npoooAHt 
Ha noBepxMOCTH oflpasyiomHxcji h Haxoanmiixcii 
BO BaBemeHHOM coctouhhm HacTHU-sapoauiueft 
% TyronABBKoro mctbaab ao rex nop, noKa yx- 
pynHeHuue qacTMnw npA AeftcTsmM rpaBHranM- 

OHHUX CHJI lie yXOAKT B OTCTOftiintK, OTXySB RX 

yAa^niOT ita-noA cjtoii JKHAKoro x.aopRAa Mera/i- 
a-BOCcraMOBBTeAS. 
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METHOD FOR METALLOTHERMAL OBTAINING OF POWDERS OF DIFFICULTLY 
FUSIBLE METALS 

The invention relates to the production of powders of 

difficultly fusible metals by metal lothermal reduction. 

There is known a method of metal lothermal obtaining of 
powders of difficultly fusible metals, consisting in that the 
reduction of the chloride, for example of titanixim, is performed 
by a metal-reducing agent, for example magnesium, in which the 
process is conducted with continuous percolation of the liquid of 
a reducing agent forming the chloride; the suspension obtained of 
the powder in the metal reducing agent is removed from the 
reactor. 

The proposed method is distinguished from the known method 
in that, with the aim of improving the homogeneity of the power 
and of preventing the settling of particles on the walls of the 
reactor, there is brought about an aiming of the circulation of 
the metal-reducing agent, which in the form of a jet falls into 
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the reaction zone toward the chloride vapors, and the process of 
reduction is conducted on the surface of the seed particles of 
the difficultly fusible metal, forming and present in a suspended 
state, until the enlarged particles under the action of 
gravitational forces go into a settling tank, from where they are 
removed from under the layer of liguid chloride of the metal- 
reducing agent. 

In the drawing there is represented the schema (diagram) of 
the apparatus on which it is possible to execute the proposed 
method. 

This method is realized in the following manner: 

A liquid metal-reducing agent, for example magnesium, is fed 

from the settling tank 1 into the reaction chamber 2 with the aid 
of a centrifugal pump 3, in which process the metal is sent into 
the reaction chamber 2 in the form of a continuously circulating 
vertical jet. To meet the jet there enter chloride vapors of the 
difficultly fusible metal, for example titanium tetrachloride. 

The particles forming in the jet of liquid (molten) metal 
are present in a suspended state and circulate continuously in it 
until they achieved a determined dimension. As they are enlarged 
they settle under the action of gravitational forces in the lower 
part of the settling tank 1. The size of the powder particles is 
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determined by the relation of the speed of their settling to the 
speed of circulation of the metal-reducing agent, and for this 
reason can be regulated by alternation of the amount of 
circulation. 

Accordingly, the proposed technology provides for the 
obtaining of powders of homogeneous granulometric composition, 
not containing pryophoric fractions. 

The settling powder of the difficultly fusible metal, for 
example, titanium, accumulates in the lower part of the settling 
tank 1 under a layer of liquid chloride metal-reducing agent, for 
example magnesium, from where it is discharged with the aid of 
the worm 4. 

Example . 2-2.5 kg. of liquid magnesium are placed in a 
settling tank preliminarily filled with argon and heated to a 
temperature of 700°C. There is then engaged the centrifugal pump 
3 and the number of revolutions is regulated in such manner that 
the spouting liquid magnesiiun does not reach the roof of the 
reaction chamber 2. Furthermore, titanium tetrachloride falls 
with such speed that the reduction reaction proceeds essentially 
in the middle part of the reaction chamber 2. It is possible to 
judge the position of the reaction zone by the indication of 
thermocouples disposed at different height (s) of the reaction 
chamber 2. 
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The highest temperature is developed in the zone of passage 
of the reaction. 

As the titanivim chloride accumulates under the layer of 

magnesium chloride, it is discharged by the worfm 4 into a 
receiver, and a new portion of magnesium is placed in the 
settling tank 1. 

In the table there is presented the granulometric 
composition of different samples of titanium powder obtained by 
the proposed technology. 

Content of fraction, % 

Fraction 



No. + 0.4mm -04. + - 0.1 + - 0.15(?) mm 

+ 0,1 mm + 1.15 mm 

Cf. original figures are somewhat illegible 

1 16.6 72.2 11.0 0.2 

2 16.5 74.6 7.6 1.3 

3 16.5 68.1 13.4 2.0 

4 18.9 73.3 6.5 1.3 

5 21.3 70.7 5.1 2.9 



Object of Invention (Claim) 



Method for metal lothennal obtaining of powders of 
difficultly fusible metals by reduction of their chlorides by a 
circulating liquid reducing agent, characterized in that , with 
the aim of improving the homogeneity of the powder and preventing 
the settling of particles on the walls of the reactor, there is 
circulated a metal-reducing agent which, in the form of a jet, is 
sent into the reaction zone toward the chloride vapors, and the 
reduction process is conducted on surfaces that have formed and 
are present in a suspended state of the embryonic particles of 
the difficultly fusible metal until the enlarged particles under 
the action of gravitational forces pass into a settling tank, 
from which they are removed under a layer of liquid chloride of 
the metal-reducing agent. 



